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ABSTRACT

The structure and transport characteristics in a novel family of ionomers consisting of
a hydrophobic polyphenylene backbone substituted by sulfonic acid functionalized
phenyl side chains (sPPs) have been investigated. These polymers have potential
applications in electrochemistry as well as separation both as membranes and thin films.
The bulk structure as a function of hydration has been explored by X-ray and neutron
scattering. Interfacial structure was studied by AFM and neutron reflectometry. The
characteristics of water in the bulk were studied by NMR and FTIR and that in thin films
by neutron reflectometry.
The sPPs exhibit characteristic structure due to their rigid backbone and high glass
transition temperature of the unsulfonated polyphenylene. The ionomers associate into
bundles in dilute solutions. This structure persists from solution to dry thin films and
membranes. This bundled structure is only slightly sensitive to changes in temperature
and they are affected by the degree of sulfonation. With hydration, structural changes
take place. At the initial stage, water penetrates into interstitial spaces between the
bundles of polymers, followed by rearrangements of domains to yield a locally
bicontinuous ionomer of sulfonated and unsulfonated domains.
When cast into thin films, interfacial interactions affects the structure of the ionomers,
penetration processes of solvents as well as solvent distribution within the films.
Penetration of water and methanol are studied revealing that the process is dependent on
the film thickness and ionic strength of the polymer. The initial stage of solvent diffusion
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follows Fickian characteristics. The distribution of the solvents within the films is not
uniform.
The complex environments experienced by water molecules confined in the ionomers
include hydrophilic and the hydrophobic regimes. The water behavior strongly depends
on the degree of sulfonation of the polymers, temperature and water content.
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CHAPTER 1
INTRODUCTION

The aim of this work is to explore the structures of ionomers having a hydrophobic
backbone and hydrophilic moieties that result in phase separation.
Ionomers are ion-containing polymers with ion content lower than ~15mol %.1 Above
this level of ionic groups polymers are often referred to as polyelectrolytes.2 The physics
of both groups is identical though there are practical considerations such as solubility and
the extent of interactions between the ionic groups that distinguish both groups. The ionic
content is characterized by ion exchange capacity (IEC), which is defined as the degree to
which a material can absorb and exchange oppositely charged ions present in the
surrounding (mmol/g).2
As one class of complex polymers, the structural complexity of ionomers can be
introduced by varying architectural features, distribution of ions, pendent anions and
counterions. The possible architectures including monochelics, telechelics, block
copolymers, polymers with random distribution of ionic groups along the backbone and
other families have been achieved synthetically3-6 (Fig.1.1). Ionic groups can distribute
along the backbone chain with regular and irregular spacing. They can also be attached to
the side chains of a nonionic backbone. A relatively wide range of pendent anions are
available for the preparation of ionomers. The groups that can be attached to the chain
include carboxylic acid, sulfonic acid, acrylic and methacrylic acids. These groups can be
combined with a wide variety of counterions results in an enormous number of possible
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structures. The literature is rich with papers concerning ionomers with carboxylic acid
and sulfonic acid groups.7
(a)

(b)

(c)

(d)

Figure 1.1 Possible molecular structures of regular ionomers (the continuous line
represents the polymer backbone, the open and solid circles correspond to the ionizable
groups and the counter ions, respectively.) (a) monochelic, (b) telechelic, (c) block
copolymer and (d) random distribution of ionic groups. 7

Perfluorosulfonates and perfluorocarboxylates were initially prepared by DuPont
(Nafion®) and modified subsequently by other companies. Nafion® consists of a
hydrophobic fluorocarbon backbone and hydrophilic sulfonic pendent side chain
(Fig.1.2). Overall the ionomers show exceptional thermal, chemicall and mechanical
stability. Therefore, they are used in a wide range of applications such as in separation
membranes,8 polymer electrolyte membranes for fuel cells,9 packaging,10 biomedical
implants11, 12 and coatings.13

Figure 1.2 Chemical structure of Nafion.
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The ionomer under consideration, sulfonated polyphenylene (sPP), is a new highly
rigid ionomer, consisting of a hydrophobic backbone with hydrophilic sulfonation groups
attached randomly (Shown in Fig. 1.3). This work focuses on the structural studies of this
polymer in membranes, thin films and solutions, and on solvent penetration into the
ultrathin films.

Figure 1.3 Chemical structure of sPP ionomer.

Morphological Models of Ionomers in Bulk
The chemical, physical and mechanical behaviors of hydrocarbon polymers can be
considerably modified by introducing ionic groups due to the chemical and physical
incompatibilities among the multiple components. The incompatibilities include
hydrophobic-hydrophilic, polar-nonpolar, charged-uncharged and rigid-flexible etc. The
ionomer chains are driven by these incompatibilities to segregate into different domains
lowering the total free energy of the system. The nanophase segregation is stabilized by
noncovalent chemical bonds including hydrogen bonds, ionic bonds and van der Waals
forces.14 Over the past three decades, the morphology, structure and stability of ionomer
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aggregates in solid membranes, solutions and solid substrates have been extensively
studied experimentally and theoretically. Many of the efforts were devoted to the
investigation of the morphology of ionomers in bulk.15-19 The theoretical understanding of
ionic polymers evolved predominantly from the pattern observed in scattering of these
macromolecules. Small angle scattering (SANS and SAXS) patterns consist of a
maximum in the scattering function which has been attributed to the clustering of the
ionic groups. There have been several models that balanced the elasticity of a polymer
chain with the forces arising from the ionic clusters.20-29 Eisenberg was the first to
attempt a quantitative description followed by several modifications by others.
Eisenberg’s model is detailed in here and additional models are described briefly.

Multiplet-Cluster Model
The original multiplet concept was proposed and developed by Eisenberg in 1970.20
In terms of his theoretical calculations, the ion pairs exist for the ions in a media of low
dielectric constant due to the insufficient thermal energy kT at room temperature unable
to separate a contact ion pair. The energy to separate an ion pair is given by

w = −e 2 /( r 4πε 0 K )

(1.1)

where K is the dielectric constant of the media, ε 0 is the permittivity of vacuum, r is the
distance between the centers of positive and negative charge in the contact ion pair and e
is the electronic charge.
The formation of multiplets (ion triplets, quartets or even higher) depends on (i) the
dimensions of the polymer chains and or the ion pairs. (ii) the tension on the chains
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resulting from ionic aggregation if sequential ion pairs associate into different multiplets.
(iii) the electrostatic energy released upon multiplet formation. Assuming the multiplet is
represented as a spherical liquid drop consisting solely of ions and the hydrocarbon chain
segments are confined to the surface of the liquid drop. The size of the multiplet is
determined by

rm = 3v p / S ch

(1.2)

where v p is the volume of an ion pair, S ch is the area of hydrocarbon chain which must be
in contact with the surface of the ion sphere (Fig. 1.4 ).
The elastic forces and the electrostatic forces should be taken into account upon the
clustering of the multiplets. At a temperature that these two types of forces compensate
each other, the cluster is stable. The number of ions in a cluster depends on the spacing of
the ionic groups along the chain, size of the ions, average multiplet size, temperature,
cluster geometry, polymer density and the end-to-end distance for the polymer chains.
Although this theoretical model was able to account qualitatively for the mechanical data,
it was not based on a detailed analysis of scattering data.

(a)

(b)

(c)

Figure 1.4 Schematic pictures of ionomers with flexible chains (a) phase
segregation (b) a cluster and (c) a multiplet.
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Hard-Sphere Model
The hard-sphere model initially was proposed by Marx et al.21 and ascribed the
scattering peak to the electron density difference between the metal cations and the
hydrocarbon with the scattering moeties being treated as points. This model was put
forward by Binsbergen and Kroon in 1973 by assuming the scattering moities at the
centers of spheres are randomly packed.22 Later it was modified by Yarusso and Cooper
by proposing that the multiplets have liquid-like order and their closest approachable
distance was determined by the layer of hydrocarbon chains attached to and surrounding
each multiplet.23 This model is in good agreement with the scattering data. The ionic peak
was assigned to interparticle interference. This model, however, fails to account for the
mechanical properties that indicate a two-phase behavior in the system.

Core-shell Model
MacKnight et al. developed a model assuming the ion pairs from a core that is
surrounded by a shell of material of low electron density, which is in turn, surrounded by
a shell of material with higher electron density.24 They assigned the scattering peak to
intraparticle interference. Roche et al. suggested a model that is similar to this model but
differs in the geometry of the clusters.25 In that model, the central ionic core is lamellar
instead of spherical.
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Eisenberg-Hird-Moore (EHM) model
Eisenberg-Hird-Moore (EHM) model was proposed by Eisenberg et al. in 1990 to
explain both the scattering results and the mechanical properties of the ionomers.26 In this
model, the existence of multiplets reduces the mobility of the polymer chains in their
vicinity. At low ionic content, isolated multiplets act as large cross-links. As the ion
content is increased, the regions of restricted mobility surrounding each multiplet overlap
to exhibit phase-separated behavior. The EHM model assumes that the ionic peak arises
from the most common distance between multiplets (but predominantly intracluster). The
breadth of the peak suggests that there is a distribution of distances between multiplets.
This model is able to interpret both the scattering data and the mechanical results.
A number of other attempts have been made to describe the specific ionomer systems
including

block

ionomers,27

semicrystalline

ionomers28

and

hydrated

perfluorosulfonates29 are not discussed here. The models for perfluorosulfonates
(Nafion®) are addressed in Chapter 3.

Ionomers in Solutions
The conformation and association of ionomers and polyelectrolytes in dilute solutions
have been the topic of many studies.30-42 The structure of a complex polymer in solution
is a result of a balance of interactions between all the components in the system including
hydrophobic and hydrophilic groups as well as the solvent. The basic understanding of
non-ionic polymers in solutions is described by the Flory-Huggins theory derived by
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regarding polymer chains as a random walk on a lattice occupied either by one monomer
or a solvent molecule.31
The conformation of an ionomer in a solvent is more complex than a homopolymer.
The properties of ionic polymers in solutions have been explored for several groups of
polymers. Nomula et al. investigated viscosity, light scattering and fluorescence of
polyurethane ionomers in a variety of solvents and revealed the importance of solvent
polarity, solvent-backbone interactions and ionic content of the ionomer in determining
the solution behavior of ionomers.32-34 It has been well established that the solution
behavior of ionomers can be classified into two types, primarily depending on the
polarity of the solvent. One is the polyelectrolyte behavior, in which the dissociation of
the counterions is due to Coulombic interactions in polar solvents and the other being
aggregation due to dipolar attractions between chain segments in nonpolar or lowpolarity solvents.35
The association of ionomer molecules in nonpolar solvents results from strong dipoledipole interactions among the ionic groups, which has been demonstrated by a significant
enhancement in the viscosity of the ionomer solution compared to that of the solutions of
the parent polymer.36 Light and neutron scattering data obtained from these solutions
showed the formation of aggregates and the extent and average size of the aggregates
increases with concentration.
In highly polar solvents the solution behavior is further distinguished: (i) the ionomer
solutions in polar solvents that are able to dissolve the polymer backbone are
characterized by extended polymer chains similar to weakly charged polyelectrolytes.
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They exhibit the characteristic decrease in viscosity with increasing polymer
concentration.35 This behavior has also been supported by light scattering and SANS data
that show rigid segments characteristic of polyelectrolyte solutions.37, 38 (ii) The ionomer
solutions in polar solvents, in which the analogous neutral polymer is not soluble, are
characterized by polymer-solvent phase separation, leading to a colloidal dispersion. The
perfluorosulfonated ionomer (PFSI) belongs to this category.39
In polyelectrolyte-like ionomer solutions, the effect of the dielectric constant of the
solvents can be examined in terms of the persistence length within Odjik’s theory.40
When electrostatic repulsions between the charges along a semiflexible chain in aqueous
solutions are not screened, will tend to larger local rigidity and increase the global size of
the clusters.41,

42

The total persistence length (the size of the smallest rigid segment)

consists of two contributions: the intrinsic persistence length ( L0 ) corresponding to an
uncharged chain and the electrostatic persistence length ( Le ) which depends on the
electrostatic screening in the solution.
LT = L0 + Le

(1.3)

where Le can be estimated by using Odjik’s theory as:
Le =

1
16πl B dc

(1.4)

where d is the average charge density along the polymer chain, c is the polymer
concentration and l B is Bjerrum length for a solvent defined as:
lB =

e2
4πε 0 εkT
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(1.5)

where ε 0 is the permittivity of vacuum and ε is the dielectric constant of the medium.
The electrostatic persistence length is proportional to ε / c . For a given solvent, Le
increases when the polymer concentration decreases and the polymer coil extends. At a
high dielectric constant, the value of Le is very large and the particle exhibits stretched
conformation.
Considering other factors besides the polarity of the solvent and polymer-solvent
interactions, Nomula found ionomer solutions which exhibit polyelectrolyte behavior
with high ionic content even if the solvent is poor for the backbone.34 The effects of the
parameters on the solution behavior of ionomers are summarized in Fig. 1.5.34

Figure 1.5 Solution behaviors of ionomers.34
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The ionomer solution properties are affected by additional factors including
molecular weight, chain rigidity, pendent ion type, counterion nature, ion distribution
along the backbone and the ionic strength of the solution. As a result, the properties of
ionomer solutions are still not well understood.

Ionomers at Solid Surfaces
The production of thin ionomer films and coatings is important for many commercial
applications, e.g. coatings, electronic packaging and fuel cells. Contemporary
technologies require increasingly thinner polymeric films. The ability to produce useful
and uniform thin films depends on the wettability and adhesion of the polymer to the
substrate. The structure and dynamics of thin polymer films are significantly altered
from those of the bulk due to the confinements introduced by the interfaces. Both
computer simulation and experimental data have confirmed that polymers in a confined
geometry exhibit different behaviors from bulk due to reducing the number of possible
configurations. The presence of a surface leads to a variety of phenomena such as glass
transition change, surface diffusion, surface segregation and surface-induced ordering.4345

Thin film behaviors of charged macromolecules in contact with a solid surface are
fundamentally different from those of uncharged polymers due to electrostatic
interactions between the clusters and interactions between the clusters and the substrates.
Compared to numerous studies that exist in bulk and in solutions, relatively few studies
have focused on the thin film behavior of ionomers.46, 47 A hexagonally packed rod-like
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structure with a diameter of ~3-5 nm was observed by Hill and coworkers in the spun cast
films of perfluroinated ionomers.46 The films are extremely stable to thermal perturbation
while the thickness affects the stability. Feng et al. observed a suppression of dewetting
of low molecular weight sulfonated polystyrene ionomers on silicon oxide substrates and
attributed film stability to two reasons: one is the increased entanglement density after
sulfonation and the other is ion-substrate interaction.47

Water State and Transport in Ionomers
In view of the importance of the state of water and its transport, a large amount of
research has been devoted to the studies of water nature in the ionomers.48-61 However,
the dynamic states of water in ionomers still remain unclear.
The presence of charged groups attracts water into the matrix, while at the same time
water interacts with neutral portions of the polymer chains. It has been recognized that
water absorbed in ionomer systems doesn’t display the same calorimetric, diffusive and
nuclear magnetic resonance (NMR) relaxation characteristics as in bulk water.53 The
phase-separated morphology of the polymer matrix consisting of nanometer size
hydrophilic domains gives rise to a variety of environments where water exists. Different
water states have been proposed in Nafion membranes. Water molecules that do not
interact strongly with the polymer matrix would exhibit bulk water dynamics, whereas
water bound to the polymer hydrophilic groups (so-called bound water), which are
located at the polymer/liquid-water interface or trapped within the fluorocarbon chains,
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would exhibit slower dynamics. Those located in the intermediate area are oosely bound
water 54-56 (Fig.1.6).

b
a

c
Figure 1.6 Schematic picture of water states in ionomers (the solid spheres represent the
water molecules) (a) free water (b) loosely-bound water and (c) bound water

An understanding of the mechanism of solvent transport in ionomer is also vital for
designing novel materials. This complex process has been extensively studied.57-59 When
a penetrant transports into a porous polymer, the process includes two steps. First the
penetrant dissolves in the polymer. Then the penetrant diffuses through the membrane
under a concentration gradient. The permeability of such a membrane is described as:

P=S×D

(1.6)

where P is permeability, S is the penentrant solubility coefficient and D is the
penetrant diffusion coefficient. Two models60 are used to describe the penetrant
permeation into a polymer: the capillary model and the free volume model. In the
capillary model, the pores in the polymer play an important role in transport. The
chemical structure of the polymer influences the adsorption and/or solubility coefficient
of the penetrant in the polymer. The free volume model neglects the existence of the pore
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and considers penetrant permeation into the polymer through the free volume, which is
generated by the polymer random segmental motion. The chemical structure also plays an
important role in the free volume model especially in the noncrystalline region since the
penetrant will diffuse into the domain with a large free volume fraction via a random
walk hopping mechanism.61 The diffusion process in ionomer is more complex than that
in homopolymers due to the greater number of interactions that are involved. To my
knowledge, there is no satisfactory theory to predict such a process.

Motivation for this study
Compared with other hydrocarbon polymers, sPPs contains a highly rigid backbone
consisting of aromatic rings. They also exhibit a potential to be used in many applications,
such as high temperature polymer electrolyte membranes, separation membranes,
antifouling coatings, which motivates this study.
In this work, the issues to be addressed include:
1. The structures of the highly rigid ionomers in bulk, solution and thin film.
2. The effects of ion content, water content and temperature on the structure.
3. Water behaviors (including locations and transport) in the sPP bulk and thin film.
4. Thermal annealing effect on the thin complex polymer film structure.
The dissertation is organized as follows. Chapter 2 introduces the major techniques
and reviews the theories used in this work, including specular neutron reflectivity, atomic
force microscopy, small angle neutron scattering and nuclear magnetic resonance (NMR)
techniques. Chapter 3 addresses the structure study on the sPPs by scattering and AFM
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techniques. The diffusion kinetics of water in the thin sPP films studied by specular
neutron reflectometry is reported in Chapter 4. Chapter 5 focuses on the diffusion of
methanol and water in thin films. Chapter 6 discusses the water dynamics in sPPs.
Chapter 7 reports the study of sPP ionomers in thin films. The research is summarized in
Chapter 8, where the major conclusions are drawn from these studies.
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CHAPTER 2
EXPERIMENTAL METHODS

Several techniques were extensively used in this study including Small Angle
Neutron Scattering (SANS), Specular Neutron Reflectivity (NR), Atomic Force
Microscopy (AFM) and Nuclear Magnetic Resonance (NMR). Most of the ionomer
structures were investigated using SANS. Small molecule diffusion in thin films and
swelling kinetics were studied by NR. Surface morphology of membranes and thin films
were explored using AFM. NMR was used to study the confined water in the membranes.
The basic theories that underline NR and SANS are reviewed in detail while AFM and
NMR are briefly introduced. Other analytical techniques used in this research, such as
differential scanning calorimeter (DSC),1 ellipsometry,2 contact angle measurements,3
optical microscopy and powder X-ray diffraction4,5 were well documented and not
reviewed in this chapter.

Small Angle Neutron Scattering
Neutron scattering is one of the most powerful and versatile experimental methods to
study the structure and dynamics of materials on the nanometer scale. The neutron was
first discovered by Chadwick in 1932. It is an uncharged particle with a mass of 1.675 ×
1024 g and spin equal to one half. The neutron lifetime, τ = 886 s,6 is much longer than
the time of a neutron within a scattering experiment, where each neutron spends merely a
fraction of a second. Unlike X-ray and light photons which interact with electrons,
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neutrons interact with nuclei via the strong nuclear force and with magnetic moments via
the dipole-dipole coupling. In this context, only nuclear interaction between the neutrons
and the nuclei of matter is considered. Neutrons have a greater penetration length than Xrays due to the strong, short-range nuclear interaction.

Figure 2.1 Relationship between wavevectors and momentum transfer for elastic
scattering.
In terms of quantum mechanics, neutrons exhibit particle-wave duality nature. In
neutron scattering experiments, neutrons behave as particles when they are created, as
waves when they are scattered, and again as particles when they are detected. A neutron
moving with constant velocity, v, can be ascribed a corresponding (de-Broglie)
wavelength, given by

λ=

h
mv

(2.1)

where h is Planck constant and equals 6.626× 10-34 Js. Neutron radiation can produce a
wavelength range of 0.1 Ǻ - 30 Ǻ7. This wavelength range allows the investigation of
structures from the atomic scale to the supermolecular scale. Based on the kinetic energy
given by the equation E = h 2 /(2mλ 2 ) , the energy of neutron radiation is much lower than
that of X-rays with the same wavelength. Neutron scattering avoids the effect of radiation
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heating and damage, which makes neutrons very useful to study the structure of
hydrocarbon based materials.8, 9
The interactions between neutron and nuclei may be magnetic and elastic or inelastic.
Only coherent non-magnetic elastic interactions are considered in this research. In this
kind of interacions, there is no energy exchange between the neutrons and the nuclei and
the scattered wave has the same wavelength as that of the incident beam. When neutrons
impinge on samples, some of them are absorbed, some of them just pass through, and
some of them are scattered. The scattered wave carries the structural information of the
specimen and its intensity is determined by the properties of the element’s nucleus. In the
→

→

→

→

→

elastic interaction, the momentum transfer is given by q = k − k 0 , where k and k 0 are the
momentum (magnitude 2π / λ ) of the incident beam and scattered beam respectively. The
magnitude of momentum transfer is (see Fig. 2.1)
→

q =

4π sin θ

.

(2.2)

nλ = 2d sin θ

(2.3)

λ

Combined with Bragg’s law:

where θ is the scattering angle, d is the distance between the diffraction planes and n is
any integer called diffraction order. Eq. 2.3 can now be expressed in terms of
2π / q = d / n

(2.4)

Large-scale structures within the sample require very small values of q and small
distance scales are observed via large q values. Since q depends on two parameters,
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wavelength and scattering angle, it can be varied by changing either or both values.
Therefore a small angle is used to probe large polymer structures in this work.

Figure 2.2 Basic geometry of scattering involving the incident plane wave, the sample,
the scattered spherical wave and the detector.

Two parameters are introduced in order to quantify the neutron-nucleus interactions:
the neutron scattering length b and the cross section σ . The wave nature of neutrons is
related to the probability that it will be found at some point in space, which is determined
by the square of the wave amplitude. The amplitude of this scattered wave with respect to
the amplitude of the incident wave is determined by b .10 A negative value indicates a
180° phase shift respect to the incident wave. The probability that a scattered neutron will
be found in a given direction and at a solid angle is determined by b 2 . The cross-section

σ of a system is defined as the probability of the neutron being scattered in all directions
and mathematically expressed as:

=

4πb 2
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The differential scattering cross-section ∂σ / ∂Ω carries the structural information.
The physical meaning of this is the probability of a neutron being scattered into a unit
solid angle at a given direction. Thus, ∂σ / ∂Ω = b 2 .
Previously, the scattering from only a single nucleus was discussed. In reality, the
incident beam always collides with an ensemble of nuclei in a sample. If a system
contains different nuclei with different scattering lengths, the interferences between
scattered neutrons from different nuclei must be taken under consideration. By neglecting
absorption and multiple scattering, the scattering cross section is written as:
dσ
= ∑ bi b j exp( −iq ( ri − r j ))
dΩ ij

(2.5)

where q is momentum transfer and ri is the distance from the original point to the
nucleus i of the sample.
This double sum is divided into two parts: the terms for which i = j and the terms for
which i ≠ j . This gives
dσ
=< b > 2
dΩ

∑ exp(−iq (r

r

i≠ j

− r j ) + N (< b 2 > − < b > 2 ))

(2.6)

The first part is coherent scattering describing the interference between scattered
waves. It contains the spatial arrangement information. The second part is called
incoherent scattering, which contains information on the dynamics of the atoms. In
determining the structure, the incoherent part is taken as background. Incoherent
scattering arises due to the nuclear spin and random distribution of isotopes.
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The coherent scattering term can be further decomposed into intra-and intermolecular
interferences,10

I ( q) =

dσ
( q) = NV 2 ( Δbv ) 2 P( q) S ( q) + Binc
dΩ

(2.7)

where N is the number of scattering objects, V is the volume of one scattering particle,

( Δbv ) 2 is the scattering contrast, P (q ) is called the form factor and describes the
intramolecular interferences in a single particle, S (q ) is called the structure factor and
describes the intermolecular interferences. P (q ) is the Fourier transform of the shape of
the scattering objects and the dimension can be estimated from the low angle regime.
S (q ) contains the information about the correlation of positions of the particles. Δbv is the

scattering contrast term, which is given by
Δb v = (

where

b1
b
)−( 2)
V
V

(2.8)

b
is the scattering length density, which is a normalized sum of the scattering
V

length density of all the elements in the molecule:
b ρN A
=
V
Mw

∑b

i

(2.9)

i

where bi is coherent scattering length, ρ is the mass density of the material, N A is
Avogadro’s number and M w is the molar mass of the sample. So small angle scattering
arises when there are inhomogeneities of the neutron scattering length density in the
sample. Table 2.1 shows the scattering lengths of common elements.
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Table 2.1 Coherent scattering lengths and cross-sections for common elements.
Elements

Coherent b (10-15m)

Coherent σ (10-24cm2)

1

H

-3.741

1.8

2

H(D)

+6.671

5.6

C

+6.646

5.6

O

+5.803

4.2

S

+2.847

1.0

In X-ray scattering, the scattering cross section of an atom increases in proportional to
the atomic number. However, the strength of the neutron-nucleus interaction varies
completely irregularly with atomic number, including isotopes. This gives neutron an
advantage in studying polymers consisting of light elements. Due to the large difference
in scattering length between hydrogen and deuterium, contrast match and deuterium
labeling allow the study of many structures that can not be probed by X-rays because of
lack of contrast.
The form factor is the Fourier transform of the scattering shape. The form factor for a
sphere is given by
P( q) =

9
(sin( qR ) − qR cos( qR )) 2
6
( qR )

Fig.2.3 shows P (q ) as a function of qR for a sphere.10
The structure factor is given by
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(2.10)

S (q) = 1 − N ∫ (1 − g (r )

sin( qR)
4πr 2 )dr
qR

(2.11)

where g (r ) is a pair correlation function describing the probability of finding another
particle at a given distance. In a dilute system, the particles are so far apart from each
other that their positions are uncorrelated11, 12. Therefore the second part of Equation 2.11
can be ignored. Only intra-particle interferences are taken into account.

0.06

P(q)

0.04

0.02

0.00
3

6

9

qR

Figure 2.3 Form factor of a sphere.

As the concentration of material increases the structure factor becomes less negligible.
The pair distribution function depends on the interaction between the particles. Some
models have been developed to simulate these interactions depending on the system.
These models include the hard-sphere potential, the Lennard-Jones Potential, the square-

27

well potential and so on. Basically, S (q ) is a damped, oscillating density distribution
function whose maximum corresponds to the average distance between particles.
Many shapes and structures can be modeled by combining form factors and structure
factors. Sometimes, however, it is impossible to fit the scattering data using any available
model for a complex system. Therefore many approximations such as Guinier’s
Approximation13 and Porod’s Law14 have been derived. These two approximations are
introduced here because they are relevant to the current study.

Figure 2.4 Scattering profile for a dilute solution

The structure information can be extracted on different length scales depending on the
q range involved in an experiment. The scattering function from a dilute solution is
plotted in Fig 2.4.15 At large q, the scattering intensity scales as q − D , where D stands for
fractal dimension. Table 2.2 displays a few fractal exponents collected by Schaefer.10

28

Table 2.2 Surface fractals for different shapes.
Shape

Fractal Exponent

Rigid Rod

1

Linear Gaussian Chain

2

Chain with Excluded Volume

5/3

Gaussian Chain randomly Branched

16/7

Swollen Branched Chain

2

Smooth two-dimensional Objects

2

Three-dimensional objects with smooth Surface

4

Fractal surfaces

3 to 4

For a porous structure with a sharp interface between the scatting objects and the
surroundings, Porod has shown that the scattering in high q regime varies as q −4 and is
proportional to the total internal surface S T given by
I ( q) ∝

2πbv2 S T
q4

(2.12)

where S T is the total internal surface and bv is the contrast factor per unit volume between
two media.
In the central regime, Guinier showed that the scattering profile reflects the
dimension of the scattering particle. By expanding the form factor to a power series,
Guinier has shown that the scattering intensity at this domain:

I ( q) ∝ exp(− q 2 R g2 / 3)
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(2.13)

where R g is the radius of gyration describing the dimension of the particle. R g of a
cylinder with length L and cross-sectional radius R is (

sphere with radius R is

L2
12

+

R 2 1/ 2
) and the R g of a
2

3
R.
5

The inter-molecular scattering dominates the scattering function for q values smaller
than the reciprocal distance between chains.

Specular X-ray and Neutron Reflectometry
In 1931 Heinz Kiessig discovered the interference of X-rays reflected from nickel
mirrors.16 Since then X-rays and neutrons have developed into powerful tools to
investigate polymers at interfaces.17 This technique explores the variation in composition
normal to a surface reflecting the X-ray or neutrons. It provides depth resolution of about
1 to 10 Å with penetration depths over hundreds of nanometers. Neutron reflectometry
was reviewed in several references.18-20
In general, the refractive index of a specimen is slightly less than 1 and given by
n = 1 − δ + iβ

(2.14)

The real part describes the behavior in transmission and reflection. The imaginary
part accounts for the absorption in the material.
For X-rays: δ X = λ 2 ρ e r0 / 2π and β X = μλ / 4π
where λ is the wavelength of the radiation, ρ e is the electron density, r0 is the classical
electron radius (2.82 × 10-13 cm) and μ is the mass absorption coefficient.
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For neutrons: δ N = λ2 ρ b / 2π and β N = λρ a / 4π
where ρ b and ρ a are the scattering length density (i.e. the average scattering length per
unit volume) and the absorption cross section density respectively. For most polymeric
materials of interest, ρ a is negligibly small so that the last term in Eq. 2.14 can be
dropped.

Figure 2.5 Schematic description of the reflection of an electromagnetic wave on an
interface between two media where qz is the momentum transfer normal to the surface. θ1
and θ2 denote the angles of reflection and transmission, respectively.
When an electromagnetic wave propagates through an interface between two
materials, it will undergo refraction and reflection provided the refractive indices of the
media on the two sides of the interface are different. (Fig.2.5) The angle of the
transmitted beam depends on the refractive indices n i of the two media and can be
calculated via Snell’s law:
n1 cos θ 0 = n 2 cos θ 2
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(2.15)

The component of the momentum transfer vector q is measured perpendicular
(specular) and parallel (in plane) to the interface, depending on the specific experiment.
For elastic scattering, no energy exchange takes place, so the wavevector remains
constant. The wavevector is given by k 0 = k 1 = k = 2π / λ , where λ is the wavelength of
the X-rays or neutrons.
In this work, we used only non-polarized specular reflectivity where q Z is measured.
Therefore, the momentum transfer q Z , can be denoted as:

q = q z 0 = 2k z 0 = 2k ⋅ sin θ =

4π

λ

⋅ sin θ

(2.16)

When the incident beam penetrates into medium i, the z component of wave vector is
modified and given by
k z ,i = k z2,0 − k c2,i
where k c ,i =

2π

λ

(2.17)

sin θ c and θ c is the critical angle. For neutrons, k c ≅ 4πρ and for X-

rays, k c ≅ 4πρ e r0 , where r0 is the electron radius.
Total reflection occurs if the incident angle is less than a certain angle Θ c and the
refractive index of medium 1 is larger than the one of medium 2 ( n1 > n 2 ). The incoming
beam is completely reflected for angles smaller than a critical angle. There is still some
penetration of the medium by an imaginary component called the evanescent wave with
an exponentially decaying amplitude. This critical angle can be derived from Eq. (2.17)
with θ 2 = 0 and is given by
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Θ c = arccos(n 2 / n1 )

(2.18)

Within a very close approximation, it follows:
Θ c = ( 2δ ) 0.5 = λ

ρb
2π

(2.19)

The reflection at an infinitely sharp interface separating two media, i and i + 1 ,
where the z component of the wavevector in each is k i and k i +1 , is given by

ri ,i +1 =

k z ,i − k z ,i +1

(2.20)

k z ,i + k z ,i +1

In order to quantify the reflectivity in the specular direction, the reflectivity is defined
as the ratio of the reflectivity beam intensity to the incident beam intensity. The specular
reflectivity is measured as a function of the momentum transfer or the wave vector.

R = r0,1 r0*,1

(2.21)

where the asterisk denotes the complex conjugate.
For a single, ideal interface with a roughness of zero, the reflected intensity relative to
the incoming intensity is given by
RF =

k z ,i − k z ,i +1
k z ,i + k z ,i +1

2

[
=
1 + [1 − ( k

1 − 1 − ( k c ,1 / k z ,0 ) 2
c ,1

/ k z ,0 ) 2

]
]

1/ 2 2
1/ 2

(2.22)

and is called the Fresnel reflectivity R F .3 For angles larger than θ c , the Fresnel
reflectivity R F decreases directly proportional to q −4 (Fig.2.6 curve A). The presence of a
diffuse interface causes the scattering intensity to fall off more rapidly than q −4 and these
deviations are related to the width of the interface.
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0

Si blank σ = 0 nm
Si blank σ = 1 nm
Si + polymer 50 nm
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Figure 2.6 Calculated neutron reflectivity profiles from (A): Fresnel reflectivity of a bare
silicon surface; (B) A silicon surface with a roughness of 1 nm and (C) a thin polymer
film with a thickness of 50 nm and a roughness of 1 nm on a solid substrate.

Figure 2.7 Schematic diagram of a rough surface. The projection of the density onto the
surface normal is shown on the right.
Usually an interface is not ideally sharp (shown in Fig.2.7). Accounting for the
roughness of a real interface, one can describe the random, isotropic height corrugations
by a Gaussian distribution with variance σ with the equation
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w( z ) =

1

exp( −

2π σ

( z − z0 ) 2

σ2

)

(2.23)

where z 0 denotes the position of a reference interface without roughness. The shape of
the interface can be described by

ρ ( z ) = ρ 1 + ( ρ 2 − ρ 1 ) ⋅ erf ( z )
erf ( z ) =

1
2π σ

z

∫ exp(−

−∞

u2
)du
2σ 2

(2.24)
(2.25)

ρ i denotes the densities above and below the interface, and erf (z ) denotes the so-called
error function. The variance σ describes the width of the interface. Since the Fourier
transform of a normalized Gaussian is the Gaussian itself, the reflectivity is damped by
diffuse scattering due to the surface roughness expressed as21
2

R( q) = R F ( q)e −4 q σ

2

(2.26)

If the reflection occurs at a homogeneous layer on top of a solid substrate thick
enough to be considered as a continuum, (Fig. 2.8) the system contains two interfaces
separated by a layer with thickness d .The reflection, r, takes the form

r=

r0,1 + r1, 2 exp(2ik z ,1 d )
1 + r0,1 r1, 2 exp(2ik z ,1 d )

(2.27)

where k z ,1 denotes the z component of the scattering vector of interface 1. The
interference of the reflections from both interfaces is give by

R( k z ,0 ) =

r02,1 + r12,2 + 2r0,1 r1,2 cos(2k z ,1 d )
1 + r02,1 r12, 2 + 2r0,1 r1,2 cos(2k z ,1 d )

where r0,1 and r1,2 are reflection at two interfaces.
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(2.28)

The reflectivity R F can be calculated via a Fourier Transformation of the first
derivative of the characteristic density ρ (z ) of the entire sample.

R( q) = R F ( q) ∫ dze

iqz

∂ρ ( z )
∂z

2

(2.29)

For X-rays, the characteristic density ρ (z ) equals the electron density ρ e ; for
neutrons it equals the scattering length density b / V of the material.

Figure 2.8 Diagram of the beam path in a sample with a thickness d, on a solid substrate.

A typical reflectivity curve of a polymer on a silicon substrate is shown in Fig. 2.6
(Curve C). The oscillations of the curve are called Kiessig fringes21 and originate from
the constructive and destructive interference of waves reflected by two interfaces of
media with n1 ≠ n 2 . They thus provide information about the (b/V) variation in the
specimen. The amplitude of these oscillations depends on the contrast between all the
materials. Larger contrasts generate oscillations with larger amplitudes. In this work, we
have used a large difference in the value of b between the protonated and the deuterated
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materials to have good contrast (Tab. 2.1). In the reflectivity profile, Δq is inversely
proportional to the thickness of the sample and is given by
d≅

2π
Δq

(2.30)

The scattering length density profile normal to the surface can be extracted from the
reflectivity pattern, from which the actual polymer profile is calculated. Two methods of
data analysis are commonly used, model dependent and model independent.19,

20

The

evaluation of the characteristic density profile is an inverse scattering problem, but it does
not yield a single solution due to the loss of the wave’s phase information when
calculating the intensities. The model dependent method is used when there is a
theoretical or other experimental guideline to predict a tentative profile. For example,
end-grafted flexible polymers in a good solvent exhibit a parabolic density profile with an
exponential tail. In most cases, however, there is no such prediction and the reflectivity
data is treated by the so-called optical matrix method19. With the optical matrix method,
the continuous transition between two materials is cut into multitude thin layers, each of
them having a constant characteristic density ρ z . The Fresnel reflectivity of each layer is
calculated separately. The overall reflectivity of the system is obtained through iteration
of the calculation. The calculated reflectivity from the model is compared with the
measured reflectivity to minimize the deviations. The optical matrix method is timeconsuming and it is very important to have as much supporting information about the
system as possible. This method was used in this work. As a model-free method, the
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kinematic theory uses the Born approximation, (See Eq. 2.29)20 which is not discussed
here.

Figure 2.9 Time-of-flight reflectometer (SPEAR) at LANSCE 22

In the present research, all the NR measurements were performed on the time-offlight reflectometer (SPEAR) at Los Alamos National Lab. Figure 2.9 shows the
schematic picture of the instrument and the specifications are listed in the Table 2.3.22
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Table 2.3 Specifications of SPEAR reflectometer.22
Moderator-to-detector distance

12.4 m

Wavelength frames at 20 Hz

1<λ<16 Å and 16<λ<32 Å

Q range

0.006<Q<0.15 Å-1

Beam cross section at the sample position

3 mm high × 30 mm wide

Experiment duration

5 minutes to 6 hours

Atomic Force Microscopy
Atomic force microscopy (AFM) has been used to probe the surface structure of
many materials with nanometer resolution.23, 24 A typical AFM consists of a cantilever
with a sharp tip mounted at the end, a detection system for measuring the deflection of
the cantilever, a piezoelectric translator to move the probe, a feedback system to keep the
deflection constant and an image system (See Fig.2.10). Similar to other scanning probe
microscopies, AFM images are made by measuring the interaction force via deflection of
a soft cantilever while raster-scanning the tip across the surface. The sample-tip
interaction is given by Hooke’s Law

F = kx

(2.31)

where k is the spring constant of the cantilever and x is the cantilever deflection. The
forces associated with AFM measurement include short-range forces (e.g. intermolecular
repulsive forces) and long-range forces (e.g. van der Waals forces, magnetic and
electrostatic forces, frictional forces, capillary forces, dipole-dipole interactions). Once
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the tip approaches the surface, the force between the tip and the sample causes the
cantilever to deflect. As the tip traces various surface features, the feedback system
monitors the rise and fall of the tip over the surface by reflecting a laser beam into a split
photodetector made of piezo ceramics to obtain a signal to measure the deflection of the
cantilever, then the system maintains the “setpoint” deflection of the cantilever by
vertically moving the sample. The distance the scanner moves in this direction is stored
as topography information.

Figure 2.10 Schematic diagram of an AFM.

Three operation modes that have been generally used are contact mode, intermittent
mode or tapping mode and non-contact mode by controlling the tip-sample distance
(Fig.2.11). In the contact mode, the tip is kept in contact with the sample. A constant
force is maintained during the scanning process. This motion can cause substantial
alteration and surface damage for soft materials. In non-contact mode, the probe does not
contact the sample surface, but oscillates during scanning. A feedback loop is used to
monitor changes in the amplitude due to van der Waals forces and the surface topography
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is measured. In tapping mode, the cantilever is oscillated at its resonance frequency, and
the probe lightly taps on the sample surface during scanning, contacting the surface at the
bottom of its swing. By maintaining constant oscillation amplitude a constant tip-sample
interaction is maintained and a topography image of the surface is obtained. This mode
dramatically reduces the perturbation of the original surface. Another advantage is that a
phase image can be collected simultaneously in this mode. During the scanning, the
phase lag between the signal that drives the cantilever to oscillate and the signal of the
cantilever oscillation output is monitored. The phase lag is sensitive to the variations in
surface properties such as adhesion, friction, hardness and viscoelesticity.
The AFM work in this work is mainly done with tapping mode to study the ionomer
thin films.

Figure 2.11 Plots of the force as a function of the AFM tip distance from the surface.
The three AFM modes corresponding to different tip-surface distances are marked on the
force curve.
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Nuclear Magnetic Resonance Spectroscopy
In the current work nuclear magnetic resonance (NMR) spectroscopy has been used
to measure the Spin Lattice Relaxation Time (T1) of confined water. Magnetic resonance
occurs when the nuclei with spin number I ≥ ½ are placed in a static magnetic field and
are perturbed by a second oscillating magnetic field. When a magnetic field is turned on,
it removes the degeneracy of the nuclear spin energy levels. The splitting of the energy
levels in the presence of the magnetic field leads to a population difference in the
different spin states and is determined by the Boltzmann distribution. Specific nuclei are
characterized by the degree of splitting of the energy levels. The transition between those
levels is induced by an additional radio frequency (RF) pulse with a given frequency ω0,
the Larmor frequency, which matches the energy gaps. In a static magnetic field, the
energy levels lose their degeneracy and the magnetic moments align parallel and anti
parallel to the magnetic field, building an overall magnetization M. After the spin system
is perturbed by an RF pulse, the resonance of the spin system and the relaxation of
magnetization is measured by NMR. This measurement provides information about the
chemical nature of the system, inter and intramolecular interactions as well as long range
correlation.
The Spin Hamiltonian includes terms that describe the different magnetic interactions
within a spin system.

H=HZ+HCS+HJJ+HDD+HQ
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(2.32)

where,

HZ

is Zeeman interaction, determining the Larmor frequency, or the basic

resonance frequency that is measured by NMR.

HCS

is the chemical shift hamiltonian,

which represents the indirect magnetic interaction of the external magnetic field and the
nuclear spins, through the involvement of the electrons. Its quantity reflects the screening
of the static magnetic fields by the local chemical environment.

HJJ denotes the spin-

spin coupling through bonds, which represents the indirect magnetic interactions of
nuclear spins with each other, through the involvement of the electrons.

HDD accounts

for the dipole-dipole coupling through space, which represents the direct magnetic
interactions of nuclear spins with each other. HQ is a quadrupolar interaction that occurs
only for I ≥ 1, which represents the electric interactions of nuclei with the surrounding
electric fields. In isotropic solution,

HDD and HQ average to zero as a result of random

motion.25-26
NMR relaxation describes how fast the magnetization returns to its equilibrium state
after perturbation. The relaxation of the spins is characterized by Block equations: 27
dM x '
dt

dM y '
dt

= (ω 0 − ω ) M y ' −

M x'

= −(ω 0 − ω ) M x ' + 2πγB1 M z −

( M z − M z ,0 )
dM z
= −2πγB1 M y ' −
dt
T1
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(2.33)

T2

M y'
T2

(2.34)

(2.35)

where M i is the component of magnetization along different axes, ω 0 is the Larmor
frequency, ω is the frequency due to perturbation, γ is gyromagnetic ratio and B1 is the
magnetic field strength.
At equilibrium, the net magnetization vector M 0 lies along the direction of the
applied external magnetic field. If enough energy is put into the system, it is possible to
saturate the spin system to make M = 0 . T1 is the time that describes how the
longitudinal magnetization returns to its equilibrium value. T 2 is the time that describes
the transverse magnetization returning back to its equilibrium. While T1 measures the
intermolecular interaction, T 2 measures the intramolecular interaction.
The relationship between the line width of the NMR signal and T 2 is given by
Δv1 / 2 = 1 /(T2 )

(2.36)

where Δv1 / 2 is the half-height width of a NMR signal. In a confined environment, the
interactions between the nuclei and the environment result in a short relaxation time,
which causes line broadening.

Figure 2.12 Inversion recovery pulse sequence.
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Figure 2.13. The net magnetization rotations with the applied pulses.

The T1 relaxation time is measured commonly using an inversion-recovery pulse
sequence
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(Fig.2.12). The 180° pulse inverts the magnetization to the –z direction,

followed by a delay timeτ. The 90° pulse rotates the magnetization to the y axis where
the signal is detected. (Fig.2.13) The amplitude of the NMR signal Aτ is proportional to
the M z and given by

Aτ = A∞ (1 − 2e ( −τ 1 / T1 ) )

(2.37)

where A∞ is the signal amplitude obtained at a long delay time. The T1 can be obtained
by applying a series of τ values. (Shown in Fig. 2.14)
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Figure 2.14 The amplitude of a given NMR signal against delay time τ. T1 is obtained by
fitting the data using Eq.2.32. The solid line corresponds to the fit.
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CHAPTER 3
FROM SOLUTIONS TO MEMBRANES: STRUCTURE STUDIES OF RIGID
SULFONATED IONOMERS

Introduction
Ionomers are ion-containing polymers consisting of hydrophilic, ionizable side chains
and a hydrophobic backbone.1,2 They are being consider for a wide range of current and
potential applications such as proton exchange membranes in fuel cells,3 sensors,4,5
electrochemical switches,6 enzyme encapsulation7 and packaging materials.8 In many of
their applications, the desirable physical properties arising from these ionomers is
dependent upon the segregation and formation of a well defined morphology within these
ionomers.9

The technological significance of controlling morphology and ultimate

physical properties of these ionomers has resulted in a large number of studies that are
primarily focused upon ionomers with semiflexible backbones but not ionomers with
rigid backbones such as polyphenylenes.10-12.
Theoretical and experimental studies describing the association of the ionic groups
were correlated with scattering data by several research groups.13-17 Eisenberg and coworkers with ionomers resulted in the formulation of a models that describe the balance
between the energy of ionic clusters and the elasticity of the polymer.10 His early models
were further refined and adapted for specific systems.14, 16, 18-21
Among the most studied ionomers are Nafion and its derivatives.10 Nafion consists of
a perfluroinated backbone, substituted by hydrophilic side chains, terminated by sulfonic
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acid groups. Solutions of Nafion have been studied revealing that ionic interactions
within and between polymer chains creations persist ionic associations leading to the
development of cylindrical micelles.22 The structural evolution of Nafion membranes
from dry materials to highly swollen membranes and solutions was studied by many
groups.23-28

Based on scattering data, Gebel proposed a schematic phase diagram

describing the structural evolution of Nafion as a function of hydration level.28 At low
water content, the ionomer forms a structure of inverted micelle-like structure where
water is contained inside ionic clusters with a diameter of 1.5 nm. When the water
volume fraction increases, the clusters swell and percolate to form bicontinuous
structure.16 This volume fraction depends on the specific ionomer. At very high water
content, “structure inversion” occurs and eventually the material dissolves and forms a
connected network of rod-like particles.
The present study investigates the structure of sulfonated polyphenylene (sPP)
ionomers, which consist of a highly rigid hydrophobic backbone with sulfonic acid
functionalized phenyl side chains (Figure 3.1). The stereochemistry of this ionomer is
comprised of random distributions of meta and para repeat units that disrupts conjugation
leading to material that is soluble in organic solvents and processable into thin film as
described by Cornelius et. al.29 This ionomer was developed as an alternative to Nafion
and its chain flexibility and subsequent morphology is expected to differ from
semiflexible polymers.30 A series of sPP ionomers were studied as a function of sulfonic
acid concentration within dilute solutions and as thin films that were swollen with water
in order to explore their association characteristics as compared to semiflexible ionomers.
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Figure 3.1 Structural formula of the polyphenlylenesulfonated acid ionomer repeat unit.

Experimental Section
Materials.
A polyphenylene synthesized using 1,4-bis(2,4,5-triphenylcyclopendienone) benzene
and 1,4-diethynylbenzene was post sulfonated using chlorosulfonic acid that yielded a
randomly sulfonated ionomer. sPP films were obtained by evaporating a 10 wt %
solution of sPP in the sodium form and N,N-Dimethylacetamide (DMAc) from a glass
plate during a 24 hour period yielding films with a nominal thickness of 76 μm. The
physical parameters of the materials including ion exchange capacity (IEC),29 molecular
weight (Mw), and the degree of sulfonation are list in the Table 3.1. The deuterium
labeled H2O (99.9 %) and tetrahydrofuran (THF) (99.5 %) were purchased from
Cambridge Isotope Laboratories.
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Table 3.1 Physical parameters for the ionomers
IECa (mmol/g)

Mw of

Sulfonation Level (%)

0.00

761.0

0.0

0.98

825.75

13.5

1.40

857.03

20.0

1.60

869.08

22.0

1.80

889.06

27.0

2.20

923.65

33.3

2.64

965.17

40.0

1025.16

55.0

3.22
a IEC: ion exchange capacity

AFM Experiments
Tapping modeTM atomic force microscopy (AFM) was used to study the morphology
of the films using a Multimode Nanoscope IIIa system and a multimode dimensionTM
3000, Digital Instrument. Silicon Nitride probes with 125 μm Olympus cantilevers, with
a spring constant of 42 N/m, and tip radius less than 10 nm, were used at their
fundamental resonance frequencies (280-350 Hz) at a scan rate was 1 Hz. Measurements
were made under ambient conditions using a vibration isolation system and image
analysis was performed using Nanotech Software WSxM (4.1).

X-ray Studies
X-ray scattering measurements were carried out in a reflection geometry on the thin
films on a Sintag XDS200 powder diffractometer (Cu Kr, λ=1.54Ǻ). Patterns were
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measured at 40 kV and 30 mA with a rectangular beam of 20 mm x 0.8mm (width at
half-maximum). The 2θ range for X-ray scattering was 2-50 degree, where θ is the
incident angle.

The measurement covers a q

q

range of 0.14-3.45 Å-1,

where q = 4π sin θ / λ .

SANS Experiments
The SANS measurements were carried out at the Center for Neutron Research of the
National institute of Standards and Technology (NIST) on the NG3 30 m SANS at two
detector distances 13 and 1.5 m, with λ = 6 Ǻ covering a q range from 0.0015 to 0.6 Ǻ-1.
Measurements were performed on dry and swollen membranes as well as dilute solutions.
The membranes were placed under vacuum overnight at room temperature to remove
water from samples.

Water uptakes of vacuum dried membranes were separately

measured to be between 3.5 wt% and 4.5 wt%. Saturation is reached within the first 15
minutes of exposure to air at room temperature and room humidity as determined by no
significant change in mass beyond this time. Dry membrane samples were capped in
demountable titanium cells (2 mm thick) for baseline measurements.31 Water swollen
membranes were created by allowing samples to equilibrate for 20 minutes prior to
measurement. Prior to these measurements, water swelling studies were done with sPP
between 25 °C and 60 °C that demonstrated that 20 minutes is sufficient for achieving
steady-state for these materials.
Solutions were made by dissolving the as-received powder samples in deuterated
THF with concentrations ranging from 0.10 wt% to 0.93 wt%. While the membranes
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were formed by evaporation of DMAc, d-THF has been used for achieving contrast for
SANS. The samples then were encapsulated in a 2 mm thick quartz cells. The data was
collected at three different temperatures (25 °C, 40 °C and 55 °C) and the temperature
was controlled using a water bath to ± 0.5 °C. The solvents were subsequently measured
and subtracted from the data. Two dimension data were collected followed by integrated
into one dimension patterns. The details of data reduction and data combining of two q
ranges were given by NIST.32

Results and Discussion
Surface morphology of the membranes studied by AFM
Atomic force microscopy measurements were carried out on the surface of the
membranes. Representative images for two sulfonation levels 13.5% and 33.3% are
shown in Figure 3.1. Surprisingly, relatively uniform elliptical features (~ 150 Å in
width, ~300 Å in length) are observed.

These features are formed as the solvent

evaporates that reflects the polymer structure in solution and association processes that
took place during solvent evaporation. These self-assembled structures are rather uniform
considering the large molecular weight distribution of the polymers.

The structure

formed in ionic polymers reflects the balance between hydrophobic and hydrophilic
groups as well as the electrostatic forces.9, 13
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a

13.5%

b

c

33.3%

d

300Å

300Å

Figure 3.2 AFM topographic images of the membranes with sulfonation degrees of a:
13.5% and b: 33.3%. The images were obtained at ambient environment. The
corresponding cross sections were shown in c and d.

Structure studies of the membranes
Following the study of the surface morphology, the structures of the dry and swollen
membranes were investigated. X-ray patterns of the dry and hydrated membranes are
shown in Figure 3.3. The X-ray patterns of the dry membranes (Figure 3.3a) exhibit
several broad features that change slightly as sulfonation increases. A set of overlapping

55

lines between q of 0.14 Ǻ-1 and 3.4 Ǻ-1 with two distinct peaks at 5.5 Ǻ and 4.1 Ǻ are
observed together with a 20 Ǻ line. The broad peak corresponds to average packing of
different aromatic rings superimposed by intermolecular dimensions. In order to discern
the structure, we calculated the conformation of a single molecule of two sPP units in
vacuum as shown in Figure 3.4. The aromatic rings on the backbone are not coplanar.
This is obviously only a first insight that does not take into account either the solvent or
other polymer molecules in the membrane. It does, however, offer a means of
understanding distances in subsequent measurements. The line at 20 Å in X-ray pattern
corresponds to the distance between two sulfonation groups within a chain. Overall the
features are extremely broad and the polymer chains assume multiple configurations.
The introduction of more sulfonation groups results in disappearance of 20 Å line and
hardly affects the aromatic region. The decrease in correlation between the sulfonated
groups is attributed to the hydrophilic areas because of the water absorption.
As water diffuses into the sPP film, the patterns become slightly sharper and shift to
higher q values (Figure 3.3b). The small changes observed upon hydration correspond to
the stress released as water penetrates. However, the polymer remains predominantly
disordered. For hydrated membranes, increasing sulfonation results in sharper peaks and
some of the molecular periodicities are not observed. The high q range has shown that
though there is no tight π-π stacking of the aromatic rings they were correlated to form
hydrophobic domain, which are non-penetrable to water. There are no dramatic changes
in the overall structures of the membranes.
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Figure 3.3 X-ray patterns of the ionomer membranes with different sulfonation degrees
from 10% to 55%. a: the membranes at dry state, b: membranes at swollen state.(pattern
were shifted vertically for clarity)

Figure 3.4 The conformation of two sPP units in vacuum obtained from Molecular
Dynamics simulations using Accelrys’ Material Studio® software and Polymer
Consistent Force Field (PCFF) with NVT ensemble at 298 K.
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X-ray provides the information about the length scale of molecular periodicity. Larger
dimensions were probed by SANS. Figure 3.5 introduces the patterns of the dry and
hydrated membranes at room and elevated temperatures. The dry membranes exhibit a
significant amount of low angle scattering that is characteristics of the large domains.
This is consistent with AFM results that have shown, at least at the surface the
membrane, consists of clustered polymers. Since the films were cast from a good solvent
and they were allowed to evaporate very slowly, we assume that the clusters propagated
uniformly throughout the membranes. The data are analyzed to obtain the average
dimension of the clusters assuming spherical symmetry using the Guinier
approximation,33

I ( q) = I (0) exp(−q 2 R g2 / 3)

(3.1)

where I (q ) is intensity of the scattering, I ( 0) is the intensity at q = 0 and R g is the
radius of gyration of the cluster. Figure 3.6a shows the linear part of representative
patterns and the fits to the Guinier approximation. The average R g is determined from
the slope and shown in Figure 3.6b. The dimensions of R g for dry samples vary between
350Ǻ and 540 Ǻ. There is no obvious trend with sulfonation level. This supports the idea
that the clusters dominate the overall structural observation by forming discrete domains.
In contrast to Nafion, a benchmark ionomer, used in variety of electrochemical
applications, there is no distinct peak that would correspond to ionic domains. However,
the AMF data combined with the X-ray and SANS is consistent with a membrane that is
built of bundles of polymers.
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Figure 3.5 SANS profiles of the membranes at various sulfonation degrees from 10% to
55% at dry and hydrated states. a: dry membranes at 25°C, b: hydrated membranes at
25°C. c: hydrated ones at 60°C.
The membranes were exposed to D2O at room temperature and at 60°C. The patterns
at different sulfonation levels are presented in Figure 3.5b and c. Similar to the dry
membranes, the swollen ones exhibit a rather strong low q scattering. While the slope
and the intensity of the patterns do not change, the signal to noise in this region improves
significantly that is potentially due to the enhanced contrast as D2O penetrates into the
interstitial space between the domains. Similar Guinier analysis was carried out result in
domain sizes of 460 to 560 Ǻ. The range overlaps the dimensions observed for dry
membranes. The similarity in domain sizes obtained for the dry and hydrated samples
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suggests that the water molecules penetrate in between cluster doundaries. At a later
stage, water migrates into the domains.
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Figure 3.6a Typical Guinier fits for four hydrated membranes at different sulfonation
levels at 25°C.
In addition to the low q scattering, a peak develops at q ≈ 0.2 Ǻ-1 corresponding to a
dimension of 32 Å. While the low q regime shows almost no temperature dependence,
the slope of the peak at higher q increases with increasing temperature and its position is
affected by the sulfonation level. The maximum of the high q peak slightly shifts to lower
q range with increasing sulfonation degree. The slopes were extracted from a fit of the
tails of the peak to a linear line with R2 of 0.96. The scattering intensity at high q range
varies as q α and α increases linearly from -0.9 to -4 with the sulfonation degree as
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shown in Figure 3.7. The slopes at 60 °C are higher than that at 25 °C as a result of
formation of a smoother interface as more water penetrates.

1000
Dry
Wet 25 °C
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Dimension (Å)

750

500

250

0
0

10

20

30

40

50

Sulfonation Level (%)

Figure 3.6b Dimensions obtained from Guinier fits of low q range of small angle neutron
scattering profiles as a function of sulfonation degree at different states.
For the semi-flexible polymers such as Nafion and the Dow polymer, a bicontinuous
phase is formed as water penetrates into the membranes. A bicontinuous phase with
sharp internal boundaries follows Porod’s law.33
I ( q ) = ( Δb ) 2

2π
S
q4

(3.2)

where Δb is the scattering contrast and S is the total internal surface. This relationship
will hold for particles and non-particulate systems if the internal surface is well-defined.
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Bicontinuous phase across the membrane will therefore express itself as a peak with a
q −4 slope. In sPP ionomers we observed slope as high as q −4 only at 60 °C for high ion
content, which is consistent with the formation of a sharp interface in a bicontinuous
network. As the sample swells, segregation into aqueous and hydrocarbon domains takes
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Figure 3.7 Index -α as a function of sulfonation degree for high q regime of hydrated
membranes at 25 °C (open squares) and 60 °C (solid squares). The straight line represents
the linear fit.
place and the interfaces are defined by the sulfonic acid group domains. The broad line
corresponds to the hydrophilic regions in analogous with semi-flexible ionomers. The
hydrophobic domains support the film even at a very high hydration level despite the
absence of physical cross-links.
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While Nafion forms a fully bicontinuous phase, in this rigid ionomer, the
biocontinuity does not propagate across the polymer locally the segregation between the
domains is described in terms of short range bicontinuity. The data were fitted to the
Teubner-Strey model that was developed for surfactant bicontinuous phases and is used
to describe two-component bicontinuous structures.34, 35 It is based on Ginzburg-Landau
theory and includes two characteristic length scales: interdomain distance d and
correlation length ξ. The latter is a measure of the dispersion of the interdomain distance.
The fittings of three sulfonation levels are shown in Figure 3.8a. The d and ξ are
described in Figure 3.8b. The results indicate that the interdomain distance shows a
tendency of increasing with the sulfonation level while the dispersion remains constant,
which further indicates the origin of this peak is the hydrophilic domain. The temperature
hardly affects d and ξ indicating the absorbed water molecules at elevated temperature
occupy the interstitial spaces. The size of the hydrophilic domains and the dispersion of
the size remain the same.

Polymer structure in solution studied by SANS
Physical properties of sPP membranes formed from solution casting are dependent on
the self-assembly occurring within the solutions and solvent evaporation process. The
final morphology and physical properties of the film are dependent on these interactions
and solvent evaporation process. The SANS profiles of sPP in d6-THF with different
concentrations are shown in Figure 3.9. At low q a slope of -2 is observed. In this
system, this slope is consistent with an instantaneous formation of a network.36 In
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intermediate region, the scattering exhibits a q −1 behavior over a limited q range, which
is characteristic of elongated particles indicating the local shape of the aggregates is
cylindrical. The crossover between the -2 and -1 slopes occurs at q = 0.01 Å-1, which
corresponds to dimension of ~ 630 Å. This dimension is consistent with molecular
dimensions where at higher q we zoom into the rigid part of the polymers. The curve was
fit to the cylinder form factor: 33
Lπ ⎡
2 ⎛ 2 J 1 ( qR ) ⎞ ⎤
P( q) =
⎟⎟⎥
⎢4πR ⎜⎜
q ⎣
⎝ qR ⎠⎦

2

(3.3)

where J ( x ) is first order of Bessel function; R and L are the radius and length of the rod,
respectively. A radius with a dimension of 60 ± 5Å and a length with dimension of 500 ±
20Å were obtained by fitting to this limited region. The radius of the cylinder is larger
than 20 Å which, provides further proof to the formation of the bundles in solution, the
maximum radius of a single molecule. Similar to the structure in solid membrane, the
structure in solution is independent of temperature in the range of 25 to 55 °C. This
temperature stability reflects that the bundles are stable and a colloidal solution is formed.
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Figure 3.8(a) Teubner-Strey model (full lines) of high q part of the SANS profiles from
the membranes with three sulfonation levels (33.3%, 20% and 13.5%). (b) Domain sizes
and inter-domain distances as a function of sulfonation level at different states. The data
were obtained by fitting the high q part of SANS profiles at to Teubner-Strey
bicontinuous model. D is interdomain distance and ξ is correlation length.
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Figure 3.9 SANS profiles of solution sample with 13.5 % sulfonation level at different
concentrations. The solution was obtained by dissolving the material in d6-THF.
A schematic model that describes the association of the polymers and hydration of the
membranes is shown in Figure 3.9. In dilute solution, the elongated bundles made of
packed and aligned polymer chains with the pendant sulfonated groups located at the
periphery was observed (Figure 10 top). The local shapes of the aggregates are rigid
cylinders, which is similar to the Nafion structure in solution. 37 With increasing polymer
concentration, a lose network structure forms. The dry membranes are formed following
the evaporation of the organic solvent. As the solvent evaporates, the bundles that
dominate solution structure further associate to form membrane. Large polymeric
aggregates with dimension of ~ 400 Å are formed resulting from the balance between the
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Solvent evaporates

Water content
Figure 3.10 Schematic representation of the sPP ionomer from dilute solution to
membrane. The rod represents the polymer backbone. The green sphere represents the
sulfonic group and the red sphere represents water molecule. a: The ionomer in the dilute
solution; b: The dimension of the bundle of ionomers in solufion; c: The dry membrane
formation by the evaporation of the organic solvent and the dimension of the big
aggregates is ~ 400 Å; d: The fully hydrated membrane and the size of the hydrophilic
areas is ~ 30 Å.
hydrophobic and hydrophilic groups as well as the electrostatic forces. Some water
molecules associated with the sulfonic groups are dispersed in the polymer matrix. With
increasing the water content, water molecules penetrate into hydrophilic sites and form
clusters with dimension of ~30 Å. Eventually the hydrated membranes form locally
bicontinuous regions (Figure 10 bottom).
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Summary
The structures of a series of sulfonated ionomers have been studied in organic
solutions and in membranes. In solutions, bundles of polymers are formed. The bundles
are stable and form colloidal solution. As the organic solvent from which the membranes
are formed evaporates, these bundles cluster to form the membranes. Dry membranes
consist of well defined domains that appear at the interface of the membranes and are
reflected in the low q range of the SANS patterns. When hydrated, the water first
penetrates in between the domains followed by rearrangements and eventual formation of
local bicontinuous structures. These are only slightly dependent on temperature and
sulfonation level. In comparison with flexible ionomers, no ionic clusters are observed in
the dry membranes, and for most membranes bicontinuity propagates over limited
regions of the membranes.
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CHAPTER 4
INTERFACIAL EFFECTS ON WATER DIFFUSION INTO ULTRATHIN IONOMER
FILMS: AN IN-SITU STUDY USING NEUTRON REFLECTOMETRY

Introduction
Ionomers are polymers that contain a relatively small concentration of ionic groups
that are typically lower than 15 mol%.1, 2 Ionomer films have been used technologically
in numerous applications such as sensors, adhesives, coatings, and fuel cells where the
control of water diffusion is critical to their performances.3-7 Overall, water diffusion is
remarkably sensitive to the morphology, topology, chemical composition, and molecular
weight.
Transport of water molecules within ionomers is a highly convoluted process that is
linked to the aforementioned physical properties of the ionomer as well as temperature,
penetrant type, and water-induced ionomer plasticization, which in turn alters the
physical properties of the ionomer. Consequently, numerous models have been
formulated to describe this convoluted process.8-12 A wide variety of techniques have
been employed to measure the diffusion rate of various penetrants into polymers in order
to understand polymer plasticization.

Among these, quartz crystal microbalance

gravimetric and X-ray reflectivity were used to study the moisture absorption kinetics in
polyelectrolyte multilayer films as a function as film thickness.13 Pulsed Field Gradient
Nuclear Magnetic Resonance (PFG-NMR) spectroscopy was used to detect the
translational motion of diffusants in polymers.14-16 Attenuated Total Reflectance Fourier
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Transform Infrared (ATR-FTIR) has been used to probe the changes in concentration of
solvents within polymers and obtain the diffusion rates.17 Radioactive isotope labeling
has been used to follow the change in radioactive tracer concentration as a function as
time within a polymer electrolyte.18 While these techniques assist in our description of the
diffusion process, they do not adequately describe the interfacial effects associated with
the onset of penetrant diffusion, its distribution within the material, or its relationship to
the morphological changes that accompany the diffusion process. These effects must be
accounted for in order to define boundary conditions for models used to describe
multidimensional molecule transport within a material. In this study, we have examined
water diffusion within thin ionomer films via neutron reflectometry (NR) in order to
elucidate the fundamentals of this process.
NR has been widely exploited for the study of interfacial effects between thin films of
polymers and small molecules.19-22 This characterize technique is ideal for studying
polymer interfaces and surfaces due to its high resolution (~1 nm), sensitivity to different
isotopes (which can substantially increase the scattering contrast conditions) and
penetration depth of over hundreds of nanometers. Consequently, NR is ideally suited
for describing diffusion as it relates to morphology and variation of film composition
normal to a surface.23-26 NR is used to accurately determine not only the thickness of a
film, but also the shape and changes in the interfacial density profiles. It provides an
average description of diffusion because it enables one to determine the precise density
profile within a film. Recently, studies with this technique, including small molecule
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diffusion and interaction within several polymers, have proved successful in providing
fundamental insight associated with the diffusion process.19, 20, 22
The current study of solvent penetration into a thin ionomer film provides an
understanding of small molecule diffusion from a transient state to an equilibrium state
within ionomers. The ionomer utilized in this study is a sulfonated polyphenylene (sPP)
that has a highly rigid hydrophobic backbone with sulfonation groups attached on the
lateral phenyl rings of the backbone as shown in Figure 4.1. This ionomer exhibits
promise as one of the next generation of polymer electrolyte membranes for polymer
electrolyte membrane (PEM) fuel cells. The sulfonation of the polyphenylene results in
phase separation, which is characterized by hydrophobic and hydrophilic polymer
domains. The degree of phase separation and its corresponding morphology is expected
to effect the diffusion rate of liquids according to the solvent affinity towards these
different domains as observed in several studies.24, 27 Finally, surface induced polymer
chain orientation is expected to alter the films morphology and polymer chain mobility.
The restricted polymer chain motion due to surfaced induced polymer orientation results
in a different apparent diffusion rate than observed in a bulk film.
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Figure 4.1 Chemical formula of the sulfonated polyphenlylene, sPP ionomer.

Experimental Section
Materials
The parent polyphenylene was polymerized using a 1:1 molar ratio of 1,4-bis(2,4,5triphenylcyclopendienone) benzene and 1,4-diethynylbenzene in diphenyl ether at 180 oC
and the parent polyphenylene was sulfonated using chlorosulfonic acid as described
elsewhere.28 This type of sulfonation reaction results in randomly sulfonated ionomers.
The physical properties of the membranes are shown in Table 4.1.
In this work, deuterated water was used to study the diffusion behavior of water in
thin ionomer films. D2O is used instead of H2O to provide the scattering contrast
between the silicon, thin polymer film, and penetrating water molecules. Deuterated H2O
(99.9 %) was purchased from Cambridge Isotope Laboratories and one-side-polished 75
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mm

wide

Si

wafers

were

purchased

from

Virginia

Semiconductor

Inc.

Dimethylformamide (DMF) (99.9%) was obtained from Aldrich Advancing Science.

Table 4.1

IEC, sulfonation degree and density of sPP membranes
IECa

Sulfonation Degree

Density

(mmol/g)

(%)

(g/cm3)

sPP1

0.98

13.5

1.174

sPP2

1.60

20.0

1.254

sPP4

2.20

33.3

1.360

a: IEC= Ion Exchange Capacity

Thin Film Preparation
sPP membranes with IECs (ionic exchange capacity, mmol/g) varying from 0.98 to
2.2 were dissolved in DMF to create a series of concentrations at 0.5 wt%, 1 wt%, and 2
wt%. The IECs, sulfonation levels and physical densities of sPP films are list in Table
4.1. These solutions were used for spin casting thin sPP films onto silicon wafers that
were then allowed to dry in air. A 1500 RPM was held for 80 s was used to spin off
excess solution and create ultra thin films. A set of films with different thicknesses were
prepared by changing the solution concentration of the sPP. Prior to spin casting thin sPP
films, the polished silicon disks were cleaned in a 70:30 (volume ratio) of sulfuric-acid
and hydrogen-peroxide solution at 82 °C for 1 hour. The surface treated silicon disks
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were then rinsed thoroughly with deionized water and blown dry with N2 prior to spin
casting with sPP solutions.

Neutron Reflection Experiment
The neutron measurements were performed on the Surface Profile Analysis
Reflectometer (SPEAR) at the Lujan Neutron Scattering Center at Los Alamos National
Laboratory. (http://lansce.lanl.gov/lujian/index.htm). SPEAR is a time-of flight
reflectometer on a polychromatic, pulsed neutron source with a range of neutron
wavelengths from 2-16 Å. Specular reflectivity curves were acquired by measuring the
ratio of reflected to incident intensity of the neutrons at small angle θ, as a function of
momentum transfer vector, q . This relationship is q = 4π sin θ / λ . These data provided
information on the in-plane average coherent scattering length density (SLD) of layers
normal to the silicon surface. SLD is directly proportional to the mass density of the
medium. A nominal data acquisition time of 10 minutes was used to measure the
diffusion of water within the sPP films, which was sufficient to yield a q range of 0.008
to ~ 0.15 Ǻ-1 with a statistically significant reflectivity value of R ~ 10-6. The raw data
were reduced and normalized to the measured incident neutron intensity spectrum to
yield the reflectivity, R = I/I0. The error bars on the NR profiles represent the statistical
errors on the measurements.
Profiles of the neutron scattering length density cannot be obtained uniquely by direct
inversion of the reflectivity data due to a lack of phase information.

Therefore, a

multilayer recursive Parratt formalism is used to fit data29 by simulating reflectivity
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profiles and adjusting using genetic optimization to obtain the best least-squares fit.
Reflectivity profiles are generated using a box model where each layer is described as a
box with a given thickness and scattering length density. The roughness between two
adjacent layers (boxes) is described by an error function centered at the interface. A
reflectivity analysis package, MOTOFIT running in the IGOR environment, was used in
this work.30 The strategy in this study was to use the simplest and most physically
reasonable model to fit the experimental data. The results presented in this work are the
best fit to the data with the simplest model to provide the most insight regarding water
diffusion into thin ionomer films.

Results and Discussion
Initial NR data was collected on dry films in order to establish a baseline for any
subsequent changes in reflectivity when the film was allowed to come into contact with
saturated D2O vapor. Saturated conditions were defined as 100% relative humidity at 25
o

C that was created within a sealed sample container containing liquid D2O. Steady-state

conditions for water diffusion into sPP films were identified by no changes in the
reflectivity during several consecutive scans. Previous experimentation showed that
ionomers in membrane form reached saturation within the first 25 minutes of exposure to
air humidity.
Films of sPP4 with different initial thicknesses from 131Å to 567Å (IEC = 2.20
mmol/g, 33.3% sulfonation degree, spun cast from various concentrations) were exposed
to D2O vapors and the kinetics observed by continuous measurement of reflectivity in
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time-averaged 10 minute intervals. As discussed previously, 10 minute measurements
allowed collection over a sufficient range in q with good statistics.
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Figure 4.2 Neutron reflectivity patterns (symbols) and their corresponding fitting (lines)
of dry and hydrated sPP4 films when exposed to D2O (Sulfonation level: 33.3 % 1wt %).
In a, the curves are shifted vertically for clarity. The low q range of R(q)q4 vs q at
selected exposure times is shown in b.
Figure 4.2a introduces the neutron reflectivity patterns for a film made from 1 wt%
solution at dry and at various hydration stages after it was exposed to D2O vapor. The
pattern of the dry film is characterized by a well defined critical momentum transfer
(critical edge), q c , and numerous Kiessig (interference) fringes produced by interference
of neutrons scattering from different interfaces. The critical momentum transfer is the
momentum of neutrons below which total reflection occurs. The film thickness, 218Å, is
determined by 2π / Δq , where Δq is the distance between two successive minima and is
further validated by the full fitting. A three-box was the simplest model capable of
providing a good fit to the reflectivity. Two boxes describe the bulk polymer with an
additional small box describing the depletion region at the substrate-polymer interface.
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Fits to the reflectivity profile are shown in Figure 4.2a. A rather clear critical edge for the
dry film is a result of a well defined interface with sufficient contrast to follow interfacial
changes as emphasized by the plot of R ( q ) q 4 vs q in Figure 4.2b, where
R (q ) corresponds to the intensity of the reflectivity as a function as q . This plot is

permissible as compensation for a sharp decrease in reflectivity described by Fresnel’s
−4

law: R ∝ Q z .31
The hydrated sample exhibits an increase in reflectivity intensity relative to that of the
dry sample due to the absorption of D2O whose SLD (6.37 × 10-6 Å-2) is higher than that
of the polymer (2 × 10-6 Å-2). The first minimum is shifted to lower q and Δq slightly
decreases. This indicates that swelling takes place perpendicular to the plane of the film.
Furthermore, the critical angle is smeared out as seen in Figure 4.2b, resulting from the
accumulation of D2O at the interface or, in other words, the wetting of the polymer.
Wetting prior to solvent penetrations has been observed for perfluorinated ionomers.32
For pure D2O, q c =0.0089Å-1, which is smaller than the one we observe for the hydrated
samples. Therefore, there is no thin pure bulk water layer formed on the surface upon
hydration. This is further proved by the observation that the air interfaces of the hydrated
films are sharper than those of the dry films.
In order to discern interfacial effects from bulk behavior of the polymer, three
different thicknesses, 131, 218 and 567 Å were investigated and the SLD profiles derived
from the three-layer model are presented in Figure 4.3. The profiles for all the dry films
are characterized by a layer with slightly higher SLD layer at the air interface, a
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homogeneous intermediate layer, and a small depletion region at the film/SiOx interface.
The air interfaces are smooth with a roughness less than 10 Å. The bulk SLD of the dry
polymer is identical to the calculated value of 2.0 × 10-6 Ǻ-2 (using the polymer chemical
formula and the density of 1.36g/cm3). The depletion of polymer at the interface with
solid support has been observed for several macromolecules and is ascribed to the lower
anchoring chain density.20,32 This may be attributed to kinetically trapped chains at the
interface that do not rearrange to the bulk density due to the reduction of orientational
freedom as the solvent evaporates.20, 33 An increase in polymer chain density is observed
at the air interface for all sulfonation levels and thickness and it is believed to be
attributed the process of solvent evaporation but will be investigated in future studies.
As seen in all three films, both the thickness and SLD of the hydrated films increased
substantially relative to the initial films due to the absorption of D2O. A D2O-rich layer at
the air interface results in significantly higher SLD than that of the bulk polymer layer.
The amount of water accumulated in this layer increases with contact time. An excess of
water at the hydrophilic silicon oxide substrate was found and the surface access at the
solid interface decreased with increasing film thickness, indicating that the absorption is
thickness-dependent.
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Figure 4.3 The polymer SLD profiles derived from the reflectivity data for three films
with different initial thicknesses (131, 218, 567Å) shown as a function of exposure time
to the D2O vapors. Z is the distance in Å from the bulk silicon. In the profiles, left side is
solid silicon substrate, right side is air.
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Figure 4.4 SLD (solid squares in black) of bulk polymer layer (measured in the center of
the film) and the maximum SLD (open squares in red) in the system (at the polymer-air
interface) as a function as exposure time for the films with different initial thicknesses.
The polymer profiles were further analyzed. Figure 4.4 shows SLD as a function of
time for the maximum intensity of the air interfacial layer and the bulk layer. The volume
fractions, φ D2O , of D2O in the center of the films and at the air interface are determined
using ρ tot = φ D2O ρ D2O + (1 − φ D2O ) ρ Polymer for each film. The results indicate the water
levels at the air interface (~ 78%) are similar for all three films after a long time
exposure. However, the volume fraction of water at the center of the film decreases with
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increasing initial film thickness. The concentration gradient of water decays from a high
concentration at the air interface and decreases as it approaches the polymer/SiOx
interface, explaining that no excess water was observed at polymer/SiOx interface for the
thick film. The interfaces exhibit larger change than the bulk upon diffusion for all three
films. This phenomenon is attributed to more sulfonation groups in this layer than in the
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Figure 4.5 Normalized changes of total area (solid squares in black) and total thickness
(open squares in red) as a function as exposure time for samples with different
thicknesses. (a) 131 Å (b) 218 Å (c) 567 Å.
The diffusion process is quantified by defining two parameters in the SLD profiles:
(i) thickness of the thin film, which is the distance from the solid surface to the air
interface; and (ii) the total area under the curve, which is the integrated area from the
solid surface to the air. Changes of these two parameters originate from the absorption of
water and reflect the different responses of the films to the solvent. They are normalized
and plotted as a function of exposure time to D2O vapor in Figure 4.5. The thickness and
area under these curves increase dramatically at the initial stage followed by reaching a
steady state seen in all three films. The total swelling is a balance between swelling stress
and interfacial effects. Thin films are strongly affected by the interfacial forces.
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Therefore, the degree of swelling is relatively small in comparison with the total uptake
of water. This is consistent with that some of water come of water molecules occupy
voids in the membranes. However, within a thick film the strong swelling force results in
a fast film expansion.
The increased area under the SLD profiles represents the water uptake of the film.
For a simple Fickian diffusion, where penetration rate is much slower than relaxation of
the polymer matrix, the solvent is expected to enter as a function of t 0.5 .34 Figure 4.6
shows the normalized mass uptake was plot as a function of t 0.5 and scaled with film
thickness. The diffusion exhibits a quasi-linear stage at the beginning indicative of
Fickian diffusion, then transitions to an anomalous diffusion. The anomalous behavior in
the absorption is attributed to chain relaxations from swelling stress that in turn creates
additional volumetric space within the matrix of the polymer film to accommodate water.
The rate of mass uptake was used to obtain the average diffusion coefficient of water
using the following Fickian model.34

Mt 2
=
M∞ h

Dt

(4.1)

π

where Mt is the equilibrium mass uptake at time t, M∞ is the maximum mass uptake at
infinite time, D is the diffusivity of the penetrant, and h is the film thickness. This model
assumes that the penetrant absorption is one-dimensional, which is valid given the large
surface area-to-volume ratio and the impermeable substrate. The calculated diffusion
coefficients are list in Table 4.2. These values are comparable with those of water
diffusion studies within ultrathin polymer films.19-21 Generally, the diffusion rate in
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ultrathin films supported on the solid substrate is several orders of magnitude less than in
free standing membranes due to interfacial effects. 35
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Figure 4.6 Normalized water uptake as a function of square root of time scaled by film
thickness for the samples with different initial thicknesses.
The thicker films exhibits higher initial diffusion rates at the initial stage, which is
consistent with previous reports.19, 20 The dependence of film thickness on water diffusion
may be the result of morphological changes due to the variation in film thickness. The
morphological factors in thin ionomer films that may be considered are polymer chain
order, chain orientation, intermolecular packing density, and the presence of microvoid
defects. In bulk films, polymer chains are randomly oriented while in thin films a higher
degree of polymer chain orientation occurs due to its contact with a surface. Increased
order in a thin film reduces polymer chain mobility that may cause a reduction in the
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overall diffusion of penetrants within that material. However, as a film becomes thicker,
the degree of polymer chain orientation decreases and becomes more random, resulting in
a higher degree of freedom for polymer chain motion. Consequently, thicker films have
higher water molecule capacity thus greater diffusion rates.
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Figure 4.7 Neutron reflectivity patterns (symbols) and their fitting (lines) of dry and
hydrated sPP1 and sPP2 films when exposed to D2O (Sulfonation levels: 13.5 % and 20
%, respectively). In a and b, the curves are shifted vertically for a clear view. The
corresponding polymer profiles are plotted in c and d.
The dependence of swelling on the ion content was investigated as a function of IEC
by studying another two sPP films (1.6 and 0.98 mmol/g). The initial thicknesses for
these two films are 264 and 318 Å, which was used to normalize swelling data in order to
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discuss relative changes within these films. The NR patterns and polymer profiles of two
for are shown in Figure 4.7 and Figure 4.8 describes the normalized water uptake as a
function of t 0.5 .
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Figure 4.8 Normalized water uptake as a function of square root of time scaled by film
thickness for the samples with different sulfonation levels.

In comparison, the film thicknesses at steady state for these samples are 323 Ǻ, 330 Ǻ
and 354 Ǻ. The degree of swelling for these samples was 11.1%, 24.9% and 48.3%, as
listed in Table 4.3. The maximum amount of absorbed water is linearly related to the ion
content. The water diffusion coefficients for these films are 2.27 × 10-15 cm2/sec., 1.26 ×
10-15 cm2/sec. and 1.16 ×10-15 cm2/sec., respectively. Considering the dependence of
diffusion on film thickness, the quantitative relationship between the diffusion constant
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and the ion content could not be extracted. However, qualitative information from this
work demonstrated a direct relationship between the degree of swelling at an extended
exposure time and the degree of sulfonation. The ion content is an important factor of
water diffusion in ionomers. This result is consistent with other work that has
demonstrated the direct relationship between IEC and an ability to accommodate more
water.36

Table 4.2 Swelling degrees and diffusion coefficients of sPP4 with different thicknesses
Initial Thickness

Swelling Degree

D

(Å)

(%)

/10-15(cm2/sec.)

131.31

40.4

0.24

217.59

48.3

1.16

567.21

44.1

5.43

Table 4.3 Swelling degrees and diffusion coefficients of sPP membranes with different
IECs
IEC
Swelling Degree
D
(%)

/10-15(cm2/sec.)

0.98

11.1

2.27

1.60

24.9

1.26

2.20

48.3

1.16

(mmol/g)
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Summary
Penetration of D2O into a thin complex polymer, sPP, consisting of a rigid
hydrophobic backbone substituted by sulfonic acid groups has been investigated.
Interfacial effects including polymer interactions with the solid support and the air
interface result in non-uniform distribution of solvent within the film. In all films, a thin
D2O-rich layer accumulates at the air interface, which is consistent with wetting by the
vapor prior to diffusion. All films swell perpendicular to the plane of the film, however,
the uptake of water is larger than the increase in volume. This has been attributed to
existing microvoids in the dry films. The access D2O at the solid interface is affected by
the film thickness. The diffusion coefficients have been calculated. A thicker film
exhibited a higher diffusion rate at the beginning. This linear stage is consistent with
Fickian behavior, followed by a nonlinear phase in which chain rearrangement in the
films takes place. The degree of sulfonation had a relatively minor effect on diffusion
rates; however, it affects the interfacial behaviors. The structure of the thin film is
affected by ionic interactions within the polymer that affects film formation and thin film
layer properties. Therefore, resultant grain boundaries and internal voids strongly affect
the diffusion and distribution of water within these layers.
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Figure 4.1s NR patterns and polymer profiles of samples with different sulfonation
degrees (13.5%, 20.0% and 33.3%)
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CHAPTER 5
WATER AND METHANOL DIFFUSION IN THIN IONOMER FILMS

Introduction
Moisture and organic sorption in, and concurrent swelling of, ultrathin supported
films are important for many applications such as microelectronics, sensors, coatings and
fuel cells.1-6 In general, the transport properties of penetrants into a polymeric matrix are
determined by the chemical and physical properties of both the polymer and the
penetrant. The diffusion rate depends on the penetrant concentration gradient within the
system as well as the relaxation rate of polymer segments. When the diffusion rate is
much slower than relaxation rate, the diffusion is well described by Fickian or Case I, in
which the mass uptake of the penetrant or the distance covered by the solvent increases as
a function of t 0.5 . Non-Fickian kinetics is expected when the viscoelastic properties of
the polymer become determining factor. When the diffusion is occurring so fast that there
is no time for the polymer to relax, the case is often referred to as case II diffusion and
characterized by linear kinetics and a sharp diffusion front. When diffusion rates and
relaxation rates occur on the same time scale, the diffusion is called non-Fickian or
anomalous diffusion.7,8 The Case I diffusion follows Fick’s second law of diffusion 9

∂C ∂
∂C
= (D
)
∂t ∂x
∂x
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(1)

where C is the solvent concentration, D is the diffusivity, and x is the distance the
solvent travels at a given time. Solving this differential equation shows that
D ∝ t 0.5 assuming that the volume of the medium does not change during the process.

Transport properties of a solvent into a heteropolymer can be more complex.10-13 For
instance, complex polymers have ability to self-assemble into a microdomain structure,
which imposes spatial constraints on a diffusing solvent resulting anisotropic behavior.
The morphology of the polymer is influenced by a number of factors, such as polymer
chain length and its chemical structure, temperature, chain rigidity, and thermodynamic
compatibility of the solvent with the components of the polymer. The distribution of a
solvent in a complex polymer is determined by its affinity to different domains.14,15
Diffusion of solvents into polymers has been found to be Case I, Case II or anomalous
depending on the polymer structure and solvent nature. 16-18
The complexity of the polymer results in phase segregation between hydrophobic and
hydrophilic segments. 19 The segregation of two domains may affect the propagation of a
solvent according to its affinity to the different domains. Also, the diffusion process in an
ultrathin polymer film is affected by the confinement effects. The mobility of a polymer
chain in a confined geometry is restricted compared to bulk due to the reduced free
volume and the interactions between the polymer and interface resulting different
diffusion pathways. The nature of solvents such as polarity, molecular size, dipole
moment and affinity to polymers is expected to affect diffusion process as well.20-22
Previously, water diffusion into a highly rigid ionomer (sPP, shown in Figure 5.1)
that is confined into a thin film was investigated using neutron reflectometry with an
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acquisition time of 10 minutes. The results indicated that the presence of water resulted
in rearrangement of the polymer and anomalous diffusion, and water molecules preferred
to accumulate at the polymer/substrate interface.23 The present study focuses on the onset
diffusion kinetics of water and methanol by shortening the time scale of measurements.
The mechanisms of water and methanol diffusion in this material will be investigated and
compared. The technique was introduced in detail previously. NR is beneficial to detect
the distribution of the solvents in thin films and the interfacial changes as well as high
resolution compared with other techniques of diffusion measurment.23

Figure 5.1 Chemical formula of the sulfonated polyphenlylene, sPP ionomer.
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Table 5.1

IEC, sulfonation degree and density of sPP membranes
IECa

Sulfonation Degree

Density

(mmol/g)

(%)

(g/ml)

sPP1

0.98

13.5

1.174

sPP3

1.80

27.0

1.260

sPP4

2.20

33.3

1.360

a: IEC= Ion Exchange Capacity

Experimental Section
The sPP membranes with three sulfonation degrees (13.5%, 27.0% and 33.3%) were
received. The corresponding ion exchange capacities (IECs) and mass densities were
listed in Table 5.1. The materials were dissolved in DMF. Preparation of thin films was
reported elsewhere in detail.23 Two sets of films were made for separate studies of water
(using 13.5% and 33.3% sulfonation levels) and methanol (using 27.0% and 33.3%
sulfonation levels). The thickness of the films was carefully controlled by controlling the
spin rate, time and amount of solution delivered considering the diffusion is thicknessdependent.

23

Deuterated water was used to provide the scattering contrast between the

silicon, thin polymer film, and penetrating water molecules. D2O and (99.9%) and
methanol-d4 (99.8%) was purchased from Cambridge Isotope Laboratories and one-sidepolished 75 mm wide Si wafers were purchased from Virginia Semiconductor Inc.
Dimethylformamide (DMF) (99.9%) was obtained from Aldrich Advancing Science.
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The neutron measurements were performed on the Surface Profile Analysis
Reflectometer (SPEAR) at the Lujan Neutron Scattering Center at Los Alamos National
Laboratory. SPEAR is a time-of-flight reflectometer on a polychromatic, pulsed neutron
source with a range of neutron wavelengths from 2-16 Å. Specular reflectivity curves
were acquired by measuring the ratio of reflected to incident intensity of the neutrons at
small angle θ, as a function of momentum transfer vector, q . This relationship
is q = 4π sin θ / λ . These data provide information on the in-plane average coherent
scattering length density (SLD) of layers normal to the silicon surface. SLD is directly
proportional to the mass density of the medium. A nominal data acquisition time of 1
minute was used to follow the kinetics of water diffusion within the sPP films in the first
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Figure 5.2 (a) Neutron reflectivity patterns (symbols) and their corresponding fitting
(lines) of dry and hydrated sPP4 films when exposed to D2O (Sulfonation level: 33.3 %
1wt %). (b) The low q range of R(q)q4 vs q at selected exposure times. The curves are
shifted vertically for clarity in a.
stage of the diffusion. It was sufficient to yield a q range of 0.008 to ~ 0.15 Ǻ-1 with a
statistically significant reflectivity value of R ~ 10-6. The raw data were reduced and
normalized to the measured incident neutron intensity spectrum to yield the reflectivity,
R = I / I 0 . The error bars on the NR profiles represent the statistical errors on the
measurements. A reflectivity analysis package, MOTOFIT running in the IGOR
environment, was used.24 The data analysis was reported in detail previously.23
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Results and Discussion
Previous studies have shown significant interfacial effects on solvent distribution as
well as on the rate of penetration within thin ionomers films. In here we investigate the
penetration of water and methanol into ulta-thin films bellow 200 Å. Films of sPP with d
sulfonation degree of 33.3% were exposed to D2O and d-methanol vapors. The changes
perpendicular to the plane of the films were followed by neutron reflectivity. The
reflectivity curves of the dry films and those exposed to D2O are shown in Figure 5.2a
and exposed to d-methanol in Figure 5.3a. The dry films as well as the films following
long exposures were studied over a broad q range. In order to investigate the absorption
kinetics, measurements were taken over a limited q range using data acquisition time of 1
minute. The effects of penetration of the solvent are an average over this time period. The
data were collected until no changes in the reflectivity measurement over an extend
period of time.
The pattern of the dry film is characterized by numerous Kiessig fringes and a well
defined critical angle. The film thickness, 164 and 194Å, is estimated by 2π / Δq , where
Δq is the distance between two successive minima and is further confirmed by the full

fitting. In absence of a theoretical model to predict the structure of the thin ionomr films,
a model-free multilayer method has been employed.25 This method describes the total
reflectivity as a sum of the refluctivities from the multilayers each with a given scattering
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Figure 5.3 (a) Neutron reflectivity patterns (symbols) and their corresponding fitting
(lines) of dry and hydrated sPP4 films when exposed to d-methanol (Sulfonation level:
33.3 % 1wt %). (b) The low q range of R(q)q4 vs q at selected exposure times. The curves
are shifted vertically for clarity in a.
length density, thickness and roughness. The polymer films in this study are described by
a three-layer model in order to allow the different interactions in the bulk and the
interfacial regions together with an additional layer is for the silicon oxide. This model
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has the minimum number of free parameters and captures the effects of interfacial forces.
The continuous lines through the data in Figure 5.2a, 5.3a correspond to the calculated
reflectivity. The hydrated films with solvents exhibit a significant increase in reflectivity
compared with the dry film as seen in Figure 5.2a and 5.3a, which is ascribed the
absorption of solvents whose scattering length density (SLD) are higher than that of the
polymer. The film swelling perpendicular to the film plane takes place upon hydration,
indicated by the shift of the first minimum to lower q and Δq decreases. In comparison,
upon exposed to d-methanol vapor, the changes including increases in film thickness and
reflectivity intensity are more significant than those observed in D2O exposure, which
will be validated by the polymer profiles obtained from the fitting.
The dry films exhibit a clear critical edge. The q value that corresponds to the critical
edge is proportional to the difference in n , and reflects the composition at the interface.
In order to observe clearly the changes of q c , R ( q ) q 4 is plotted as a function of q in
Figure 5.2b, and 5.3b where R (q ) corresponds to the intensity of the reflectivity as a
function of q . The critical angle is smeared out upon exposure to both solvents. It
indicates that the solvents diffuse into the films resulting in a gradient layer of scattering
length density at air interface. In comparison, methanol exhibits a faster smearing than
water although d4-methanol has a smaller SLD than D2O. The smearing of the critical
angle is attributed to the wetting of the polymer surface by the solvents. Wetting prior to
solvent penetrations has been observed for perfluorinated ionomers.

26

The critical

momentum vectors for pure D2O and d-methanol are 0.0089Å-1 and 0.0085Å-1,
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Figure 5.4 Polymer profiles of dry and hydrated sPP4 films when exposed to different
solvents (a) D2O (b) d-methanol.
respectively. They are less than the ones observed indicating no pure solvent layer forms
and the top layer consists of both polymer and solvents.
The SLD profiles derived from the reflectivity for the film exposed to D2O and dmethanol vapors are presented in Figure 5.4. The profile for the dry film shown in Figure
5.4a is characterized by a rather homogeneous film and a smooth air surface (less than 10
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Å). The dry film in Figure 5.4b shows depletion at the polymer-substrate interface and a
density gradient with a slightly higher value at the air interface. This is consistent with
our previous experiments. The discrepancy of the two film structure is attributed to the
sample preparation.
Both the thickness and SLD of the hydrated films increased substantially relative to
the initial films due to the absorption of the solvents. A sharp air interface provides
further evidence that the surfaces are wet by the solvents. Solvent-rich layer at two
interfaces results in slightly higher SLD than that of the bulk layer upon hydration. In our
previous studies where water diffusion was investigated with a longer data collection
time, a significant amount of water was found accumulated in both interfacial areas upon
the films were exposed to D2O vapor. It is not observed in this experiment and is ascribed
to the difference in the initial film structures. The maximum absorption, however,
exhibits an excess of water in the polymer-substrate surface as seen in Figure 5.4a, which
is ascribed to the hydrophilic properties of the substrate. Methanol exhibits a different
behavior from water. The film thickness continuously increases with the exposure time.
Bundles of polymer chains are formed during the diffusion process resulting in the
uneven SLD curves. The air interface has a significantly higher SLD indicating the
methanol accumulates in this layer. No excess of solvent is observed at the polymersubstrate interface due to the less affinity of methanol to the hydrophilic substrate than
that of water. Given the SLD of d4-methanol is 5.75 × 10

-6

Å-2, in the last stage of the

diffusion the methanol molecules form a dense layer on the polymer surface resulting in a
higher SLD than liquid d-methanol.
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Further analysis of the SLD Profiles is performed. The maximum SLD at the air
interface and the SLD of flat part are plotted as a function of exposure time as shown in
Figure 5.5. Both SLDs increases dramatically at the first stage followed by reaching a
plateau stage in water diffusion as seen in Figure 5.5a. The interface exhibits a slightly
greater change than the intermediate layer. They are consistent with our observation in
the previous studies.20 Methanol exhibits a different behavior from water. The SLD of
intermediate layer shows a slow increase while the maximum SLD of interface is
characterized as two fast increase stages, suggesting the different structure arrangements
in the intermediate layer and the surface layer to accommodate more solvent molecules.
Two parameters are defined in order to quantify the diffusion process: the total area
under the SLD profile, which is the integrated area from the solid surface to the air
interface, and film thickness, which is the distance from the solid surface to the air
interface. The changes of these two parameters result from the absorption of solvents and
reflect film response to solvents.
The increased area under the SLD profiles represents the water uptake of the film. In
the previous study, the effect of sulfonation level on the diffusion process was
investigated qualitatively for films with different thicknesses in a 10 minute collection
time. The diffusion rate was found depending on film thickness. Therefore, the
quantitative information of sulfonation level effect was not obtained. In this work, two
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Figure 5.5 SLD (solid squares in black) of intermediate layer and the maximum SLD
(open squares in red) in the interface as a function of exposure time for the films with
different solvents. (a) D2O (b) d-methanol. The continuous lines are guide lines.
very close thicknesses, 162 and 164 Å, for different sulfonation degrees (13.5% and
33.3%) were made and exposed to water to investigate the ion content dependence on the
water diffusion. Figure 5a shows the normalized water uptake as a function of t 0.5 scaled
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by film thickness in water diffusion. It is observed the diffusion exhibits two linear stages
for both films indicating the process follows Fickian diffusion, where penetration rate is
much slower than relaxation of the polymer matrix. The transition, corresponding to the
structure arrangement, occurs at about the 7th minute. The diffusion rate is determined
using Fickian model.9

M t 2 Dt
=
M∞ l π

(2)

where M t is the equilibrium mass uptake at time t, M ∞ is the maximum mass uptake at
infinite time, D is the diffusivity of the penetrant, and l is the film thickness. The
swelling degree (SD) of the films is determined following
SD(%) =

l f − li
li

× 100%

(3)

where li and l f represent the initial and final film thickness.
The calculated swelling degrees and diffusion coefficients for different sulfonation
levels are listed in the Table 5.2. The film with lower sulfonation degree exhibits less
swelling degree and slightly slower diffusion rate. The results of swelling degree are
consistent with our previous qualitative study.
The normalized methanol uptake of two films with same thickness (194 Å) but
different sulfonation levels (27.0% and 33.3%) is plotted as a function of t 0.5 as seen in
Figure 5.6b. The diffusion of methanol exhibits three linear stages. The slow onset
diffusion is followed by a quicker process. The process is slowed down at the last stage
of diffusion. The swelling degrees and diffusion coefficients for both films are listed in
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Table 5.3. The results indicate that the film with a higher sulfonation level exhibits a
significantly faster diffusion rate but a smaller swelling degree. The faster diffusion is
attributed to the larger free volume formed by introducing more sulfonation groups. The
maximum absorption, however, is determined by the total area that shows affinity to
methanol solvents.
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a
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0.6

D1
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Mt/M∞

Mt/M∞
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0.2
1/2
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t /l(sec. /Å)

t /l(sec. /Å)

Figure 5.6 Normalized water uptake as a function of square root of time scaled by film
thickness for the different sulfonation levels and different solvents. (a) D2O, 13.5% (open
squares) 33.3% (full squares) (b) d-methanol. 13.5% (open squares), 33.3% (full squares).
The lines through the data represent linear fits.
In comparison, water penetrates into films directly. Instead, methanol molecules
accumulate on the surface to overcome a barrier formed by surface. Once overcoming the
energy barrier, methanol exhibits one order of magnitude larger rate in the diffusion
process than water, which is ascribed to the difference in the interactions between the
polymer and the solvents. Although water and methanol have close size, water has a
higher polarity thus high affinity to the hydrophilic sulfonation groups. In contrast, the
methanol molecules prefer to occupy the hydrophobic area provided by polymer
backbones.

107

Table 5.2 Swelling degrees and diffusion coefficients of sPP membranes in contact with
D2O
IEC

Thickness

Swelling Degree

D1

D2

(mmol/g)

(Å)

(%)

/10-15(cm2/sec.)

/10-17(cm2/sec.)

0.98

162

33.1

2.66

5.70

2.20

164

45.6

4.34

25.5

Table 5.3 Swelling degrees and diffusion coefficients of sPP membranes in contact with
d-methanol
IEC

Thickness

Swelling Degree

D1

D2

D3

(mmol/g)

(Å)

(%)

-

/10-15(cm2/sec.)

-

1.80

194

197

2.33

12.1

0.77

2.20

194

138

2.85

24.3

1.09

Summary
The complex diffusion processes of D2O and d-methanol into ultrathin polymer films
were investigated. The non-uniform distribution of solvents within the films is attributed
to the interfacial effects. An excess of water was found at the solid-polymer interface at
the maximum absorption. The methanol, however, does not accumulate at the solidpolymer interface. Instead, it forms a dense layer at the air interface. The diffusion
coefficients were calculated and revealed that methanol exhibits a faster diffusion than
water although the process is delayed by the surface. In both cases, the film with a higher
sulfonation degree exhibits a higher diffusion rate. The maximum absorption is governed
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by the total hydrophilic area in the material for water, whereas it is determined by the
hydrophobic area for methanol.
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CHAPTER 6
WATER DYNAMICS IN HIGHLY RIGID IONIC MEMBRANES

Introduction
The sites water molecules occupy and their dynamics within polymeric ionic
membranes is critical to many current and potential applications ranging from fuel cells
to separation membranes.1-4 The role of water is often complex where water is an
essential component of different processes, however excess would hinder essential
function. In hydrogen fuel cells for example, hydration is essential for proton transport
where excess would flood the electrodes.1,

5-7

A delicate water balance must be

maintained to guarantee an optimal performance.
The significance of water in different applications of ionomers led to a large effort to
discern the transport mechanism of water.8-10 Among these studies, much effort was
devoted into studies of Nafion, an ionomer developed and commercialized by DuPont,
used as the polymer electrolyte membrane.1, 8-10 This polymer consists of a semiflexible
tetrafluoroethylene backbone substituted by sulfonate-terminated perfluorovinyl ethers.
Upon hydration, bicontinuous nanometer-sized hydrophilic and hydrophobic domains are
formed.11 Water resides predominantly in the hydrophilic regions, where the specific sites
depend on the structure of the hydrated polymers. The presence of boundaries and
interfaces arising from the microstructure of the polymer physically constrain the
mobility of water molecules though electrostatic interaction, hydrogen bonding and other
interfacial forces.12-16 The confined geometry is expected to introduce a degree of
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anisotropy in the molecular motion as well as affect the time scale of any dynamic
process.17 Though water molecules preferentially locate or partition at hydrophilic sites,
three states of water have been proposed including freezable or bulk water, loosely bound
water and non-freezable water.18-20 The free water include the water molecules that do not
interact strongly with the polymer matrix and exhibit bulk-water dynamics, whereas the
non-freezable water is the water bounds to the hydrophilic domains. Loosely-bound water
includes solvent molecules located at the polymer/liquid-water internal interfaces. The
loosely-bound and bound water molecules would exhibit slower dynamics than bulk
solvent.
The current study focuses on the dynamics of water in hydrated polyphenylenes that
represent a class of fluorine-free rigid polymers materials with high thermal and chemical
stability and are easily sulfonated. The chemical formula is shown in Figure 6.1. Proton
NMR measurements have been used to identify and quantify water binding sites and
mobility of the water molecules in the hydrated ionic membranes, though relaxation
times and self-diffusion coefficient studies.17,

21-24

The line shapes and resonance

frequencies of the spectra provide information about the bonding sites as well as the
nature of the interaction between the ionomer network and the absorbed water. The
magnetic spin lattice relaxation time (T1) is sensitive to the degree of confinement of the
molecules. Self-diffusion coefficients of water in the membranes where studied by Pulse
filed gradient NMR. These studies together with FTIR, for the first time, probe the
dynamics of water in hydrated rigid ionic membranes.
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Figure 6.1 Chemical formula of the sulfonated polyphenlylene, sPP ionomer.

Experimental Section
Materials
The sulfonated polyphenylene membranes were synthesized by polymerization of
1,4-bis(2,4,5-triphenylcyclopentadienone)benzene and 1,4-diethynylbenzene through
Diels-Alder reaction followed by postsulfonation using chlorosulfonic acid and casting
on glass plates and washed with deionized water to remove the excess acid.25 The
membranes with different ion contents were obtained by controlling the sulfonation time.
The relative concentration of the acid groups is characterized by ion exchange capacity
(IEC), or the degree of sulfonation. In this study, four IECs (13.5%, 20.0%, 27.0% and
33.3%) were received and studied. Ion exchange capacity, water uptake and sulfonation
degree of the membranes were list in Table 1.
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Table 6.1 IEC, water uptake and sulfonation degree of sPP samples
IEC a

Water Uptake

Water Uptake

Sulfonation

(mmol/g)

at 100% humidity

at air humidity

degree

(%)

(%)

(%)

sPP1

0.98

13

3.6

13.5

sPP2

1.60

49

-

20.0

sPP3

1.80

87

-

27.0

sPP4

2.20

137

4.8

33.3

a: IEC= Ion Exchange Capacity

NMR & T1 Relaxation time Measurement
The membrane were cut into strips and placed in a standard 5-mm NMR tubes.

1

H

NMR measurements and T1 relaxation times were carried out on a JOEY 500 MHz
Fourier Transform NMR liquid spectrometer equipped with a variable temperature unit
that controls the temperature to ± 0.5 °C. A small amount of d-chloroform was placed in
an inner tube and used as an external standard. Inversion Recovery Pulse Sequence (π-τπ/2) was used to measure the relaxation times. T1 is obtained by fitting the intensity of
the signal at different times τ
M z (τ ) = M z ,eq (1 − 2eτ / T1 )

(1)

where M z ,eq is the magnetization at equilibrium, Details of each experiment are given in
the figure captions. Duration of π/2 pulse is 13.8 μs.
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Pulse Filed Gradient NMR
Diffusion experiments were performed on Bruker 300 NMR spectrometer with a
gradient probe. The Stejskal Tanner pulse sequence π/2-G(δ)-π-G(δ)-(echo) (Shown in
Figure 6.2) was used to measure the self-diffusion coefficient. The strength of the
magnetic field gradients is varied from 0 to 35 Gauss/cm. The length of the gradient δ is
3 ms and the time between gradient pulses Δ is 100 ms. Duration of π/2 pulse is 9.9 μs.

90°

180°

Echo

τ

τ
δ

a

b

δ
c

d

Δ

e

Figure 6.2 Stejskal-Tanner pulse sequence.26-28

Time-Dependent FTIR measurements
The samples (2 × 2 cm) were fully hydrated with deionized water for overnight.
Excess water was wiped off. The measurements were performed on Nicolet Magna 550
FTIR (single beam instrument) with dry nitrogen purging the sample compartment. The
dehydration process was followed by recording the IR spectra as a function of
evaporation time. All the spectra were obtained with a scan number of 8 and at 0.125
cm-1 resolution. All spectra were recorded from 4000 to 400 cm-1 at 25 °C.
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Results and discussion
NMR results
1

H NMR
The 1H NMR spectra of protonated sPP membranes with different ion contents at

different humidities at room temperature are presented in Figure 6.3. The spectra consist
of broad lines centered at ~3.8 ppm. No signal corresponding to aromatic protons are
observed as expected in polymeric membranes. The line broadening and the lack of
signal for the aromatic protons are attributed to dipolar interactions and chemical shift
anisotropy that are averaged out in non-confined liquids. The signals observed are
therefore attributed to water within the membranes. The sharp peak at δ= 4.8 ppm
corresponds to bulk water (without the membrane) measured separately. The lack of any
signature at this frequency indicates that no free water resides inside the membranes. The
shift from 4.8ppm is a result of the local environment of the water within the membranes.
The chemical shift depends on the local environment of the water molecules affected by
numerous factors. These include proximity to the SO3- groups and confinement in the
hydrophobic areas as well as the strength of the hydrogen bonds. At ambient humidity,
the spectrum of sPP2 membrane (20% sulfonation level) consists of three distinct lines
corresponding to water molecules in multiple environments within the membrane. Three
well defined sites are observed. The shift upfield is a consequence of increased shielding
in a confined geometry compared to bulk water. In hydrated state, multiple sites are
detected for all the membranes as expected. The chemical shifts imply the membrane in

117

4.8

a

4.4

4.0
3.6
4.0

4.5

3.5
3.8
33.3%
20.0%
13.5%

7

6

5

b

4
3
δ (PPM)

2

1

0

4.6

4.4

3.5
4.8
4.1
33.3%
20.0%
13.5%

4.5

7

6

5

4

3

2

1

0

δ (PPM)

Figure 6.3 1H NMR Spectra of sPP membranes at room temperature (a) atmospheric
moisture and (b) fully hydrated. As inner reference NMR tube with d-chloroform was
used. The line at 4.8 ppm corresponds to bulk H2O measured separately. Line broadening
used is 1.0 Hz. The curves are shifted vertically for clarity. Note that in this experiment
the total quantity of membrane for each spectrum may vary due to the challenges in
packing the polymer. Therefore, the intensities are arbitrary.
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ambient state is more constrained than in hydrated state as indicated by the overall line
width.
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Figure 6.4 1H NMR Spectra of sPP membranes at different temperatures at ambient
humidity. (a) sPP1 (sulfonation degree: 13.5%) (b) sPP4 (sulfonation degree: 33.3%) (c)
Peak position as a function of temperature. The continuous lines through the data
represent polynomial fitting.

Figure 6.4a shows NMR spectra of sPP1 membrane at ambient humidity conditions
as a function of temperature. With increasing the temperature, the peak slightly shifts to
upfield as seen in Figure 6.4c. The shift is consistent with penetration of water into a
more hydrophobic environment. The thermal energy introduced by heating is ~ 2.4-2.7
kJ/mol, which is sufficient for water molecules to overcome the barrier of diffusing into
the hydrophobic areas. Miniscule amount of water evaporates resulting in variation of
intensity. The line width decrease indicates that water is in a freer environment provided
by an elevated temperature. The sPP4 membrane behaves in a similar way. It retains its
line shape upon heating (Figure 6.4b) and the distribution of water in the membrane
remains the same with increasing temperature, which indicates the existence of a fast
exchange between the water located in different environments.
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Spin Lattice (T1) relaxation time
The extend of the interaction was evaluated by measuring T1 at Imax. Other sites have
closely followed the same T1 trend. Figure 6.5 introduces the relaxation times of three
sulfonated levels at ambient humidity and at fully hydrated polymer. The relaxation times
for all three samples at ambient humidity are less than 0.4 s, which is significantly
smaller than that of hydrogen in bulk water (3.4 seconds).29 It provides further evidence
that the motion of water is confined. Upon hydration, T1s of sPP1 (13.5%) and sPP2
(20.0%) slightly increase whereas a significant increase is observed for sPP4 (33.3%)
compare to ambient ones. This increase is expected from enhanced sulfonation level and
is consistent with the chemical shift trend for hydrated membranes. These results are also
in agreement with our structural data that has shown that the extend of bicontinuous
hydrophilic and hydrophobic channels across the membrane for fully hydrated

T1 Relaxation Time (s)

membranes increases with sulfonation level.30
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Figure 6.5 T1 relaxation times of water in sPP membranes at ambient (black solid
squares) and swollen states (red open squares). Lines through the data represent guide
lines. (a) 13.5% (b) 20.0% (c) 33.3%.

The temperature dependence of T1 was measured in the temperature is shown in
Figure 6.5. In low sulfonation levels, a small change was observed for both ambient and
hydrated states. With increasing sulfonation level, T1 increases with increasing
temperature as expected for a system with enhanced mobility. The most significant effect
of temperature is observed for the hydrated sample with the sulfonation level of 33.3%
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where T1 is much larger than that in the ambient state. Overall water content in the
hydrated membrane affects the T1 relaxation time and its temperature dependence.

Pulse Field Gradient NMR
The bulk water self-diffusion coefficients in the membranes were measured using the
Stejskal-Tanner pulse sequence.26-28 Proton spin echo intensities were measured as a
function of the field gradient intensity G . The self-diffusion coefficient D is extracted
from:

δ

ln( I g / I 0 ) = −(γGδ ) 2 D(Δ − )
3

(2)

where I g is signal intensity observed with applied gradient, I 0 is the signal intensity
observed in the absence of an applied gradient. Δ is the diffusion time, τ is the time
between two magnetic field gradients, δ is the gradient duration time, G is the gradient
amplitude (G/cm), γ is the gyromagnetic ratio, and D is the self-diffusion coefficient.
Figure 6.6a shows the normalized intensity of NMR signal in presence of the gradient
as a function of the square of the gradient strength. Fitting these data to Equ. (2) results in
the straight lines through the data. The slopes of these lines correspond

δ

to − (γδ ) 2 D(Δ − ) , from which the diffusion constants are derived. The diffusion
3
coefficients of sPP2, sPP3 and sPP4 are 1.8, 4.2 and 6.9 × 10-10 m2 /s, respectively. The
diffusion rate strongly depends on the ion content of the material as shown in Figure 6.6b.
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Figure 6.6 (a) Echo amplitude as a function of gradient intensity for sPP4 (33.3%) at
ambient state. The continuous line represents the best fitting. (b) IEC dependence of
diffusion coefficient of fully swollen sPP membranes.
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These results are comparable with the studies of other systems using this technique. 23,31,
We were not able to obtain diffusion coefficient for sPP1 that has the sulfonation level of
13.5% using this method due to the extremely slow diffusion. The diffusion of confined
water is significantly slower than that of bulk water, which is 2.13 × 10-9 m2/s.29 At
ambient conditions, the membranes have 1-3 water molecules per sulfonation group. In
comparison, the water diffusion constant in Nafion that has the same number of water
molecules per sulfonation group is 1.2 × 10-10 m2 /s,31,

23

suggesting that the water

transports faster in sPP membranes than in Nafion at the same ratio of water molecules
per sulfonation group. The internal structure of sPP membranes is strongly affected by
the rigidity of the polymer, where the bundles form large hydrophilic channels in
comparison to those in Nafion.

FTIR Results
NMR measurements have shown that water molecules occupy different sites in the
membranes: some are less and some are more confined. The diffusion measurements,
however, resolved only one diffusion constant. This may be attributed to either fast
exchange between the sites or slow dynamics below the detection of the measurement.
Fourier transform infrared spectroscopy was used to further investigate the dynamics
of the water in the membranes following the dehydration process of the sPPs. The fully
hydrated membranes were placed in a dry N2 environment and the IR spectra ranging
from 4000 to 400 cm-1 were collected as a function of dehydration time. The range for
water stretching of the spectra of dehydrating sPP1 (13.5%) at different times is shown in
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Figure 6.7a. Two distinct absorptions are observed. One is located at 3640cm-1; the other
is at 3460 cm-1. The former has been assigned to stretching band of interfacial water
bounded at the internal interfaces between the hydrophilic and hydrophobic domains. The
latter has been assigned to cluster water referring to water molecules within the
continuum.

32,33

A model is proposed to describe the water locations in the ionomer as

seen in Figure 6.8. The band for free water is at ~3400 cm-1 and much sharper than the
one we observed, further proving that the water is constrained in the sPP membranes.
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Figure 6.7 (a) 4000-2600 cm-1 of infrared spectra of sPP1 (sulfonation level 13.5%) at
different dehydration times. Spectra were measured at ( from top to bottom, dehydration
time t = 0 min, 1min 22s, 2 min 40s, 4 min 35s, 7min 40s, 11mins 40s, 20min, 34min 15s,
54mins 45s, 93mins 50s, 155mins 35s, respectively). Inset represents the deconvolution
of the peaks using PeakFit V4.12. (b) Normalized integrated intensities of two peaks
(3640 and 2460 cm-1) as a function of dehydration time.

In order to distinguish the different behaviors of water at two sites, the overlapped
signal was deconvoluted using PeakFit V4.12. The integrated intensities of the peaks
represent water amount in the membrane. The amount of water at time t is normalized by
the amount at initial time and plotted as a function of time as shown in Figure 6.7b. The
result reveals that the bounded water evaporates slower than relatively free water as
expected.
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Figure 6.8 Schematic picture of hydrated sPP ionomers. The rod represents polymer
chain. The green sphere represents sulfonation group. Water in continuum is represented
by red sphere and interfacial water is represented by light orange sphere.
The onset of the two lines is linear. Therefore, an estimate for the difference in the
interaction energy between both sites at room temperature can be made assuming the
desorption process follows an Arrhenius behavior. The bounded water exhibits 1.3
kJ/mol greater than the less bounded water. This is obviously only a first insight. More
accurate interaction energy can be obtained by the measurements at different
temperatures.

Summary
NMR and FTIR studies have shown distinctly different water environments including
hydrophilic and hydrophobic regimes. The distribution between these sites strongly
depends on the degree of sulfonation of the polymers, temperature and water content. The
chemical shift slightly moves to upfiled with increasing the temperature. T1 relaxation
time of confined water is much lower than that of bulk water and increases with
increasing temperature. The water self-diffusion coefficients measured by PFG NMR are
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of the order of 10-12 m2/s. The diffusion constant increases with sulfonation level. The
values obtained are slightly faster than that in Nafion and attributed to pathways of
diffusion along rigid interfaces formed by bundles of the polymers. The bounded and free
water are observed by FTIR. The bound water evaporates slower than relatively free
water during dehydration process. This study provides strong evidence that the size
effects imposed by boundaries and interfaces reduce the number of degrees of freedom of
the water molecules where the host polymer matrix is rigid. Therefore, the natural
behaviors of water observed in the bulk state disappear.
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CHAPTER 7
SURFACE STRUCTURE OF THIN FILMS OF HIGHLY RIGID IONOMERS

Introduction
The understanding of the structure and stability of thin ionomer films on solid
substrates has technological and scientific implications. Applications include coatings,
dielectric layers, fuel cells in which polymer layers are at the interface with solids.1-5 The
molecular organization in thin polymer films differs substantially from that of bulk
polymers due to interfacial effects. Interfacial interactions affect the mobility of polymers
and thus their glass transition temperatures. The structure of the macromolecules is
affected depending on the interactions of the polymers with the interfaces. The interface
may induce order or disrupt the structure, depending on the specific interface.6-18
Most thin film studies have focused on non-ionic homo and co-polymers.12-18 In these
polymers, the dynamics and structure of the thin films are governed by free energy of the
system, layer thickness and properties of the polymers. Stability of polystyrene film has
been extensively studied by Reiter and coworkers.12-15 Three stages of dewetting in thin
films were identified: (a) rupture, (b) expansion and coalescence of holes to form
polygons and (c) breakup of polygons into droplets. The hole growth was found thickness
and molecular weight dependent.16 Unlike homopolymer, block copolymers at surface
and interface undergo phase segregation if two components are not compatible due to the
lowering of free energy and specific attraction of substrates.

17,18

In general, surface

energy, long-range and short-range van der Waals interactions between molecules and
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substrate as well as the interactions between the incompatible components control the
film structure and dynamics.
In thin ionomer film, the incorporation of electrostatic interactions between
hydrophilic and hydrophobic groups enhances the complexity of the system. Therefore,
the balance controlling the film structure and dynamics is greatly altered.19,20 Among the
studies of thin ionomer films, Feng and coworkers studied the dewetting of ultrathin
sulfonated polystyrene on solid substrate. They observed a suppression of dewetting
compared with uncharged polystyrene films.19 Hill et al. investigated the surface structure
and dewetting process of self-assembled perfluroinated ionomer thin films. They found
the films were extremely stable against thermal perturbations. Heating for an extended
time above the bulk T g did not result in film breakup or any visible dewetting signs.20 In
bothe cases, the stability has been attributed to the strong ionic interactions in the
system.19,20
In this work, we investigate the surface structure of sPP ionomer (Figure 1.1) that has
a highly rigid backbone with hydrophilic side chains using atomic force microscopy
(AFM). The polymer exhibits potential electrochemical applications.21 The bulk structure
of flexible ionomers is dominated by segregation to ionic hydrophilic and hydrophobic
domains.22,23 The rigidity of the backbone of sPP resulted in bundles of polymer chains
rather than spherical ionic domains in a hydrophobic continuum. 24 This study follows the
interfacial structure of this polymer by atomic force microscopy.
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Experimental Section
The sulfonated Diels-Alder polyphenylene powder materials were synthesized from
the polymerization of 1,4-bis(2,4,5-triphenylcyclopentadienone)benzene and 1,4diethynylbenzene followed by postsulfonation using chlorosulfonic acid.21 The H-form
materials were dissolved in N-methyl-4-piperidone. The silicon wafers were oxidized in a
solution of H2O2/H2SO4 at 80 °C for several hours to remove any hydrocarbon impurities,
followed by rinsing with deionized water and sonication in the solvent for 5 minutes prior
to the casting.
Thin polymer films were prepared in two ways including spin coating and selfassembly. In spin coating, solutions with different sulfonation degrees (12.6%, 13.9%,
22.8% and 35.6%) were deposited on the silicon wafers using a glass pipette and spun off
at 1500 RPM for 1 minute for spin casting films. The residual stress left in spin coating
films strongly influences the microstructure and stability of the film. These films are
annealed thermally to follow the changes in the film structure. In self-assembly, a drop of
polymer solutions is allowed to dry and the polymer assembled onto the interface. The
surface is regarded as a bulk projection due to the minimization of the perturbation.25
The films were placed in the vacuum oven for overnight to dry, followed by the AFM
scan. Tapping modeTM AFM was used to obtain height and phase images simultaneously
on a Multimode Nanoscope IIIa from Digital Instruments, Santa Barbara, CA. Silicon
Nitride probes (OMCL-AC160TS OLYMPUS) with 125 nm long cantilevers were used
at their fundamental resonance frequencies which typically varied from 286 to 352 kHz
depending on the cantilever. The tip radius is less than 10 nm and the cantilever spring
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constant ranges from 37 to 69 N/m. In tapping mode the tip makes intermittent contact
with the surface. The tapping forces are adjusted by the set point amplitude. All the
images were analyzed using Nanotec WSxM 4.0 Develop 9.2.
The roughness was characterized by the root mean square (RMS) of z dimension of
the surface, which is a commonly used parameter to describe the surface roughness. It is
defined as:

R rms =

→
1 n
( hi − h i ) 2
∑
n − 1 i =1

(6.1)

→

where hi and h i are the height at each point on the surface and the average height within
the given area. n is the number of data points. RMS roughness provides a good estimate
for surface characteristics for surfaces with no well defined periodicity of the scale of

h i − h j . The RMS roughness extracted from AFM images is influenced by several
experimental parameters such as the tip shape and size. Therefore, the RMS comparison
should be performed for the images that have same size.
All the images were obtained at ambient environment (room temperature and ambient
humidity). Samples were annealed under vacuum.

Results and Discussion
I. Effect of ion content on the surface structures of as prepared thin films
Films with various ion contents were spun cast on silicon wafers from the polymer
solutions (1 wt %). The representative topographic images of two films from two
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Figure 7.1 AFM topographic images of thin films with two sulfonation degrees at a scan
area (5 × 5 μm) (a) 12.6% (b) 35.6%. (c) Hole number density as a function of
sulfonation degree. The values are obtained by averaging the total number of holes in an
area of 5 μm at different locations.

sulfonation levels (12.6 % and 35.6 %) are shown in Fig. 7.1a and b. Discontinuous films
with well-defined holes are observed in both films. This phenomenon is different from
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sulfonated polystyrene in which a continuous film was obtained.19 In addition, the hole
shape shown in the insets indicates that there is no rim that was observed in a flexible
polymer.19 The rigidity of the backbone prevent the polymer chains from building rims
around the holes. In comparison, only holes are observed in the sample with a sulfonation
level of 35.6%.
The size distribution of these features is broad. The hole number density, however,
exhibits a dependence on the sulfonation degree of the material and is plotted as a
function of ion content as seen in Fig. 7.1c. The hole number density decreases with
increasing the sulfonation degree. The formation of holes is attributed that undissolved
macromolecules with high molecular weights disrupt the films. The hills only appearing
in the film of the sulfonation level of 12.6% are ascribed to crystallization of the chunks
of polymers.

Figure 7.2 AFM topographic images of thin films with various sulfonation degrees (scan
size 250 nm × 250 nm) (a) 12.6% ( (b) 35.6%.
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Table 7.1 Aggregate size and roughness at room temperature as a function as sulfonation
level.
Sulfonation level (%)
12.6
13.9
22.8
35.6

Aggregate Size (nm)
15.63 ± 2.1
18.89 ± 3.4
19.69 ± 3.3
30.22 ± 4.0

Corresponding zoom-in images are shown in Figure 7.2 a and b. Elliptical features
are observed in sPP1 (12.6%) film, which is similar to the features observed in the
membrane form.19 However, sPP4 (35.6%) exhibits spherical features with a larger
dimension. The domains are assigned to the bundles of polymers, forming as the solvent
evaporates and reflecting polymer structure and association that took place during the
film casting.
The aggregate sizes are listed in Table 7.1. The size of the domain is obtained by
averaging statistically 30 aggregates in each of the film. The feature size increases with
sulfonation degree. With increasing the sulfonation level, more polymer chains can
bundle together owing to the electrostatic interactions, forming larger aggregates.

II. Surface changes with annealing
Glass transition temperature of the sPP ionomer was measured, which is ~ 400 °C.
The films first were annealed at 120 °C. This temperature is above the boiling
temperature of the solvent. The annealing process is expected to see the surface structure
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Figure 7.3 AFM topographic images of film with 12.6 % sulfonation degree at two
annealing times (minutes) (scan size 5 × 5 μm). Annealing temperature is 120 °C. (a) 30
mins (b) 1873 mins.

changes with the evaporation of the residue solvent. Fig. 7.3a and b show the surface
structure change of the film with the lowest ion content at 30 minutes and 1873 minutes.
The as prepared film is shown in the inset for comparison. The hills existing in the asprepared film disappear after 30 minute annealing, which is attributed to that the polymer
in the hills disperse into the film with annealing. After annealing for 1873 min, some of
the small holes merge. This process is quantified by plotting the power spectrum density
(PSD) of the film as function as annealing time as shown in Fig. 7.4a. PSD is essentially
the Fourier transform of a surface profile and shows the distribution of feature sizes on
surface. It reveals any periodic structures in that surface. A rather broad peak indicates
the wide distribution of the feature sizes is observed. The maximum of the peak shifts to
lower q after 70 minutes annealing and remains the same for longer annealing times. The
maximum q corresponds to the hole dimension and the shift indicates the hole size
increases at the initial stage of annealing. It is noticed that there is a weak peak at the
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high q regime corresponding to the size of the small aggregates observed in the zoom-in
images.
The roughness change as a function of time is shown in Fig. 7.4b. It is noted that the
roughness is influenced by the scale of measurements. For the same film, the larger the
scan area, the greater the roughness. This discrepancy is ascribed to the holes in the films.
It levels off with increasing scanned areas, indicating that the distribution of holes in
films is homogenous. It is crucial that the same scan size range is used when comparing
the surface roughness of different images. Upon annealing, roughness increases with
annealing time. Considering the Tg of the material is around 400 °C, the residue solvent
escapes from the films resulting in the increase of the.
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Figure 7.4 (a) Power Spectrum Density (PSD) analysis of topographic images of films
with 12.6% sulfonation level at various annealing times. (b) Surface roughness changes
as a function of scanning size and annealing time.

Figure 7.5 AFM topographic images of thin films with sulfonation levels of 12.6% and
35.6% at various annealing temperatures. (a) 12.6% at 200 °C. (b) 12.6% at 390 °C. (c)
12.6% at 420 °C. (d) 35.6% at 200 °C. (e) 35.6% at 390 °C. (f) 35.6% at 420 °C.
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Figure 7.6 AFM topographic images of self-assembled thin films with two sulfonation
degrees (a) 12.6% (b) 35.6%.

In order to address the annealing temperature effect, the films annealed at various
temperatures: 200 °C, 390 °C and 420 °C. Representative images of annealed sPP1
(12.6%) and sPP4 (35.6%) films are shown in Fig.7.5 a-f. The film with lower ion
content exhibits stability at 200 °C and 390 °C. A slight increase in dimension of
aggregates is observed in comparison with the ambient film. At 420 °C, the film dewets
the surface, resulting in the pattern as seen in Fig. 7.5 c. The film, however, does not
break up.
In the film with a higher sulfonation level, different behaviors are observed. At 200°C
the dimension of the features decreases in comparison with the nonannealed film. The
small spherical domains disappear at 390 °C, which is attributed to the sulfonation group
degradation. At 420 °C, the film forms aggregates but does not dewet the surface.
Introducing more sulfonation groups increases the interactions between the material and
the hydrophilic substrate, resulting in more stable films.
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III Self-assembled thin films
The images of two self-assembled films with different sulfonation degrees are shown
in Figure 7.6. Self-assembled film is often regarded as a projection of the solution
structure due to the absence of the shear force. 18 The film of sPP1 (12.6%) appears to be
structured and rough as seen in Figure 7.6a, which is ascribed to the association of the
polymer chains. The phase segregation is observed in sPP4 (35.6%) film and the pattern
is characterized by a network structure as seen in Figure 7.6b. The difference in the film
structure is ascribed to the difference in the interactions between the ionic clusters.
Summary
Spin cast and self-assembled films of sulfonated polyphenylene are investigated as a
function as annealing temperature and sulfonation level. Overall the films are thermally
stable below 390 °C. The structures of spin cast films exhibit a dependence on the ion
content before and after thermal annealing, suggesting the ionic interactions play an
important role in the film structure and dynamics. The film with low ion content exhibits
visible dewet signs above 420 °C, but only the film with 12.6% sulfonation level exhibit
film break up. The phase segregation is detected in the self-assembled films.
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CHAPTER 8
SUMMARY

The main objective of this research has been to explore the structures of a series of
sulfonated ionomers in solutions, membranes and thin supported films. Membranes and
thin films are investigated in presence of solvents as well.

1. Structures of sPP ionomers
1.1 In solutions, bundles of polymers are formed. These bundles are stable and form
colloidal solution. As the solvent evaporates, these bundles cluster to form large
aggregates which build the membranes.
1.2 Dry membranes consist of well defined domains reflected in the low q range of
the SANS patterns. When hydrated, the water first penetrates in between the domains
followed by rearrangements and eventual formation of locally bicontinuous structures.
These bundles are only slightly dependent on temperature and ionic strength. In
comparison with flexible ionomers, no ionic clusters are observed in the dry membranes,
and bicontinuity propagates over limited regions in fully hydrated membranes.
1.3 Thin supported films are thermally stable below 390 °C. The structures and
thermal stability of spin casting films exhibit a dependence on the ion content, suggesting
the ionic interactions play an important role in controlling the film structure.
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2. Diffusion of low molecular weight substances into ultrathin ionomer films
2.1 Penetration of D2O results in a non-uniform distribution of solvent within the
films. A thin D2O-rich layer is observed at the air interface, indicating the surface is wet
by the vapor prior to diffusion.
2.2 All films swell perpendicular to the plane of the film, however, the uptake of
water is larger than the increase in volume. This has been attributed to existing
microvoids in the dry films.
2.3 The access D2O at the solid interface and diffusion rate are affected by the film
thickness. A thicker film exhibited a higher diffusion rate at the beginning. The linear
stage is consistent with Fickian behavior, followed by a nonlinear phase in which chain
rearrangement in the films takes place.
2.4 The degree of sulfonation had a relatively minor effect on diffusion rates;
however, it affects the interfacial behaviors. The structure of the thin film is affected by
ionic interactions within the polymer that affects film formation and thin film layer
properties. Therefore, resultant grain boundaries and internal voids strongly affect the
diffusion and distribution of water within these layers.
2.5 The diffusion of Methanol differs from that of water. It diffuses faster than water
and forms a dense layer at the air interface. The dependence of maximum absorption on
ionic strength suggests that the hydrophobic area in the membrane has a higher affinity to
methanol, whereas the hydrophilic area has a higher affinity to water.
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3. Dynamics of water confined in the ionomer membranes
3.1 Different water environments including hydrophilic hydrophobic regimes are
observed by NMR and FTIR. The distribution of water between these sites strongly
depends on the degree of sulfonation of the polymers, temperature and water content. The
confined geometry formed by boundaries and interfaces reduce the number of degrees of
freedom of the water molecules where the host polymer matrix is rigid. Therefore, the
natural behaviors of water observed in the bulk state disappear.
3.2 The average water self-diffusion coefficients measured by PFG NMR are of the
order of 10-12 m2/s. This value is several orders of magnitude larger than the diffusion
rates in thin films, which is attributed to the difference in free volume fraction of the
materials. The diffusion constant increases with sulfonation level. In comparison, the
diffusion in sPP membranes is slightly faster than that in Nafion and attributed to
pathways of diffusion along rigid interfaces formed by bundles of the polymers.
3.3 Time-resolved FTIR studies indicate that the interfacial water evaporates slower
than the internal bulk water during dehydration process.
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